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General introduction

GENERAL INTRODUCTION
Promoting physical activity among youth has gained ample attention in
recent years, mainly because of the high prevalence of childhood overweight
and obesity worldwide. Accurate methods to assess physical activity are
essential to gain an understanding of children’s physical activity patterns.
This thesis addresses the assessment of physical activity among youth and
the characteristics of the Dutch built environment that can promote or inhibit
physical activity. The following sections provide a general background and
rationale for the studies presented in this thesis.
Rising prevalence of overweight among youth
Childhood overweight is one of the most serious public health problems of
the 21st century. Over the past two decades, the prevalence of overweight
and obesity among youth has increased in almost all countries [49]. In the
Netherlands, the proportion of children and adolescents (2–20 years old)
with overweight have more than doubled between 1980 and 1997 [19,26].
Recent Dutch data from 2002–2004 have shown that the prevalence of
overweight and obesity among youth is still rising, and at an even faster
rate than before (Figure 1a-b) [28]. In 2002–2004, on average 15% of boys
and 18% of girls (4–16 years old) were overweight (including obesity), and
3% of boys and 3% of girls were obese [28]. Overweight and obesity are
more frequent among children and adolescents from low socioeconomic or
ethnic minority backgrounds and among children and adolescents living in
large cities [18,19,49].
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Figure 1a. Proportion of boys (2-20 years old) with overweight and obesity according to the
international standard [28].
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Figure 1b. Proportion of girls (2-20 years old) with overweight and obesity according to the
international standard [28].
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Benefits of physical activity for youth
Physical activity is a key component of strategies to counteract the
current epidemic of overweight and obesity, and to prevent and treat their
associated diseases [9,21,54]. Regular physical activity is important for
regulating energy balance, for maintaining a healthy body weight, and
for losing body fat [12,21]. It is essential for the development of motor
skills in early childhood [53] and for the development and maintenance
of muscle and bone mass [46]. Moreover, physical activity contributes to
a child’s psychosocial development by providing opportunities for social
interaction, self-expression, and integration; the child learns about selfsacrifice, cooperation, discipline, and self-esteem [14,34]. In addition,
there is some evidence that physical activity during childhood reduces risk
factors for cardiovascular disease [5,12,36] and type II diabetes in later life
[5]. Regular physical activity has also been associated with higher levels of
aerobic fitness [12], lower levels of depression and anxiety [5,34], and
better cognitive performance at school [25].
Little is known about the dose-response relationship between children’s
and adolescents’ physical activity and their health in early or later life.
There is uncertainty about the optimal frequency, intensity, and duration
of physical activity during childhood for providing health benefits [36,45].
One of the reasons for this is the lack of accuracy in assessing physical
activity among youth [5]. Nevertheless, current evidence suggests that
regular physical activity during childhood is important for children’s and
adolescents’ growth and development, and for their physical, mental, and
social health.
Decreasing levels of physical activity among youth
Although there is a growing awareness of the benefits of physical activity
for youth, levels of physical activity among children and adolescents seem
to be declining. Trend studies suggest that active transportation, organized
sports, and physical education lessons at school have declined over the past
decades [13,32]. Evidence on secular trends in children’s and adolescents’
overall level of physical activity is sparse [39]. Cross-sectional studies have
shown mixed results regarding the proportion of youth meeting the current
health-related physical activity guideline (Box 1) [29,31,40]. For example,
in a study using accelerometers [35], only a few children (3%) (11 years
old) met the guideline of 60 minutes of physical activity per day, whereas
in another accelerometer-based study [42], all children (100%) (8–12 years
old) met the guideline. Comparable results are found when using selfreports. Self-report data from 115,981 adolescents (11, 13 or 15 years
old) suggested that about one-third met the guideline [2]. In another study
using self-reports [10], more than half of the adolescents (14-15 years
old) met the guideline. In the Netherlands, this proportion was found to
range between 11% and 90% in different studies using self-reports among
school-aged children [23,24,48]. Differences in the proportion of youth
meeting the health-related physical activity guideline may be explained
11
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by different sample characteristics (e.g., age, sex, socioeconomic status,
ethnicity, and living conditions), month of measurement, operationalization
of the guideline in terms of frequency, intensity, and duration of physical
activity, and differences in physical activity assessment method.
Box 1. Definition of the health-related physical activity guideline for youth.

Health-related physical activity guideline for youth
Children and adolescents are encouraged to accumulate a minimum of 60 minutes per
day in moderate to vigorous physical activity [29,31,40].

Assessing physical activity among youth
Physical activity is a very complex behavior. Among adults, it is usually
defined as “any bodily movement produced by skeletal muscles that result
in energy expenditure” [1]. The physical activity pattern of children is
very different from that of adults. Children’s physical activity pattern is
characterized by frequent spasmodic bursts of short duration [4]. They
participate in intermittent and unstructured activities. Their activities can
be categorized into active transportation (e.g., walking or cycling to school),
activities during school time (e.g., physical education, school sports, and
playing outdoors during school breaks), organized and non-organized
sports, playing outdoors, and activities at home (e.g., watching television,
gaming, and playing) [47]. The type of activities children engage in changes
as they develop, going from informal active play during early childhood to
activities that begin to mirror those of adults during adolescence [39].
Accurate assessment of physical activity is essential for examining
trends in children’s and adolescents’ physical activity over time, for
establishing appropriate public health objectives for youth, for improving
our understanding of the dose-response relationship between physical
activity in early life and health in later life, for identifying determinants of
physical activity among youth, for detecting youth at risk, and for setting
and evaluating goals for prevention and intervention strategies designed to
increase physical activity among youth (Figure 2) [50].

12
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Figure 2. Conceptual model of links between physical activity assessment and different
domains of physical activity research (adapted from: Welk [50]).

There are numerous methods available to assess physical activity, such as
double-labeled water, direct observation, calorimetry, heart rate monitors,
motion sensors, and self-reports. Each method assesses different aspects
of physical activity. Physical activity can be expressed in terms of energy
expenditure (kcal), external workload (Watt), units of movement (counts),
frequency (days per week), intensity (metabolic equivalents), duration
(minutes), and type of activity. Physical activity has traditionally been
measured by means of questionnaires, diaries, and interviews. While selfreports are easy to administer and are cheap, they do not capture the
sporadic short-burst nature of children’s physical activity [4]. At present,
motion sensors (i.e., pedometers and accelerometers) are increasingly
being used to assess physical activity in small-scale studies, as well as
in population-scale studies, such as the National Health and Nutrition
Survey (NHANES) [43] and the European Youth Heart Survey [15].
Motion sensors are lightweight, unobtrusive, and relatively inexpensive
compared to other objective methods, such as double-labeled water. In
the past decades, motion sensors have evolved from simple mechanical
devices to three-axial accelerometers that can be used to assess physical
activity or to estimate energy expenditure. With numerous motion sensors
available, it is difficult to choose the most appropriate motion sensor for
assessing physical activity among youth [37,44]. Ideally, a motion sensor
is feasible, valid, reproducible, sensitive, and cheap [44]. No study has
simultaneously compared these aspects of available motion sensors in
children and adolescents. An overview of the published evidence on the
clinimetric quality (i.e., feasibility, validity, and reproducibility) of motion
13
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sensors used to assess physical activity among youth would be helpful.
Furthermore, to date, few motion sensor-based studies have focused on
very young children (2 years old). The question is whether it is feasible to
use motion sensors in this age group. The first few years of life may be a
critical period for obesity prevention, as indicated by the association of the
adiposity rebound with obesity in later years [17]. Accurate assessment of
physical activity in this young age group may improve our understanding of
the dose-response relationship between physical activity in the first years
of life and health in later life.
Determinants of physical activity among youth
With the current epidemic of overweight and obesity among youth, and the
decline in their physical activity, promoting an active lifestyle has become a
public health priority [54]. To develop effective prevention and intervention
strategies designed to encourage an active lifestyle and to discourage a
sedentary lifestyle among youth, insight into important and modifiable
determinants of their behavior is essential.
Natural
environment
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Social
environment
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water
home

zebra
crossings

Individual
determinants
sex

weather

school
age

cycletracks

Physical
activity

education
sports
facilities
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Figure 3. Conceptual model of determinants of physical activity (adapted from: WHO [55]).

Physical activity is influenced by several factors (Figure 3) [27,38,55]. There
is extensive literature on the demographic, biological, and psychosocial
correlates of physical activity among youth [27,38], especially among
adolescents [27]. Correlates of children’s physical activity are: sex, selfefficacy, parental physical activity (for boys), and parental support [27].
14
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Correlates of adolescents’ physical activity are: sex, parental education,
attitude, self-efficacy, goal orientation/ motivation, physical education/
school sports participation, family influences, and friend support [27]. Few
studies have examined the association between characteristics of the built
environment and physical activity among youth [27].
Activity-friendly environment for youth
There is growing interest in the role of the built environment in physical
activity [55]. The focus of research has shifted from individual-oriented
correlates of physical activity toward environmental-oriented correlates
(Figure 3) [11,16,20,39]. This shift in focus is mainly driven by the current
epidemic of overweight and obesity, which is commonly believed to be the
result of environmental changes, such as the mechanization of work and
daily tasks, the increased use of cars for transportation, the increased
availability of convenience food, and the increase in inactive forms of
entertainment [30]. Over the past two decades, the number of households
with more than one television, cable television, and internet access
have increased [30]. At the same time, space has become scarcer in the
Netherlands. The Dutch landscape has become increasingly fragmented
and urbanized. The countryside has changed from an area of agricultural
production to an area of multifunctional consumption, where recreation,
tourism, nature conservation, landscape protection, and housing have
been introduced and expanded [22]. In Dutch cities, where space is
especially scarce, the building of houses is often given a higher priority in
urban planning than the development of playgrounds. Furthermore, sports
facilities have been moved out of city centers to the periphery, which may
make it difficult to get to them on foot or by bike [52]. To date, few studies
have examined the effects of changes in the built environment on physical
activity [3].
A framework that is often used to conceptualize the influence of the
environment on health behavior is the Analysis Grid for Environments
Linked to Obesity (ANGELO) [41]. Most people live and function in multiple
settings and sectors [41], all of which are likely to influence their behavior.
The framework distinguishes two levels of the environment (micro and
macro, or settings and sectors) and four types of environmental influences
(built, economic, sociocultural, and political). Micro-environments are
defined as environmental settings where groups of people meet and gather.
Such settings are usually geographically distinct, relatively small, and are
potentially influenced by individuals. Examples are: homes, schools, and
neighborhoods. Macro-environments are often beyond the influence of
individuals and include the broader, more anonymous infrastructure, such
as education, urban planning, and health systems. In 2005, Brug et al.
[7] published six studies reviewing the influence of the environment on
health behavior in different age groups, using the ANGELO framework.
They concluded that, based on cross-sectional studies, the evidence for
an association between the environment and physical activity was not
15

KvL-L.09-03.981B5.indd 15

14-10-2009 13:41:44

Chapter 1

convincing [8]. However, many potentially relevant characteristics of the
environment have not yet been studied [3,8]. While the characteristics of
the home environment, especially those related to parental influences,
have been studied relatively well [3,16], less is known about the association
between the environmental characteristics of the school and neighborhood
and the physical activity level of youth [16]. In addition, few studies have
used multivariate analyses, adjusting for other potential demographic
or environmental characteristics [8]. Furthermore, 74% of the studies
involving children and adolescents [16] have been performed in countries
with a low population density, low building density, and low street
connectivity, such as the United States and Australia. The results of these
studies cannot be easily generalized to the Netherlands or other European
countries. The Netherlands has a very compact land-use pattern, geared to
the needs of pedestrians and cyclists. Environmental correlates of physical
activity in children and adolescents may not only be country or continent
specific, but also behavior specific [3,20]. For example, studies among
adults have shown that built environmental correlates of walking and
cycling for transportation are different than those of walking and cycling for
recreation [33,51]. Among youth, few studies on environmental correlates
have made a distinction between different types of physical activity.
In conclusion, it is important to increase our understanding of the
characteristics of the built environment that promote or inhibit physical
activity among youth in different settings. The built environment
encompasses land-use patterns and all buildings, spaces, and elements
that people construct or modify [55]. Interventions that have focused on
the built environment have shown promising results [8]. For example,
the California Safe Routes to School program has shown that sidewalk
improvement, crossing improvement, and traffic control can increase
the number of children who walk or cycle to school [6]. Environmental
interventions have the potential for having a sustained impact on
populations rather than a short-term impact on individuals [20]. Moreover,
environmental interventions may influence population groups that are
hard to reach with health education programs, such as those with lower
education levels, lower incomes, and language barriers [41].
Aim and specific research questions of the thesis
The aim of this thesis is twofold: to provide an insight into the assessment
of physical activity among children (2–11 years old) and adolescents (12–
18 years old), and to identify characteristics of the Dutch built environment
that can promote an active lifestyle among urban children (6–11 years
old).
The following research questions are addressed:
• What is the effect of using different operationalizations of the
health-related 60-minute physical activity guideline on the
proportion of 6- to 11-year-old children meeting this guideline?

16
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• What are the feasibility, validity, and reproducibility of using
pedometers and accelerometers to assess physical activity in
children (2-11 years old) and adolescents (12-18 years old)?
• What is the feasibility of using accelerometers to assess physical
activity in 2-year-old children?
• Which characteristics of the Dutch built environment are associated
with the time 6- to 11-year-old children spend in moderate to
vigorous physical activity?
• Which characteristics of the Dutch built environment are associated
with the number of walking and cycling trips made by 6- to 11-yearold children?
• Are the built environmental correlates of walking different from
those of cycling among 6- to 11-year-old children?
Outline of the thesis
The research questions are answered in the subsequent chapters of the
thesis.
Part I of the thesis (chapter 2–5) describes four studies on the assessment
of physical activity among children and adolescents.
Chapter 2 describes the effect of using different operationalizations of the
health-related 60-minute physical activity guideline in terms of frequency,
intensity threshold, and bout duration on the proportion of 6- to 11-yearold children meeting this guideline.
Chapter 3 presents the results of a systematic review of 35 studies on the
feasibility, validity, and reproducibility of using motion sensors to assess
physical activity in children (2–11 years old) and adolescents (12–18 years
old). In the review, the clinimetric quality of two pedometers and seven
accelerometers was evaluated and compared, using a checklist.
Since the number of motion sensor-based studies have increased
dramatically in the last few years, the technology of motion sensors has
improved, and new motion sensors have been developed, the review of
2004 (chapter 3) was updated in 2007. In this update, 32 new studies were
reviewed describing the clinimetric quality of three pedometers and nine
accelerometers. The results of this update are presented in chapter 4.
Chapter 5 describes the compliance of 2-year-old children with an
accelerometer monitoring protocol to assess their physical activity level.
The children’s experience with wearing the accelerometer, as well as
reasons for not wearing it, are described.
Part II of the thesis (chapters 6 and 7) describes the association between
characteristics of the Dutch built environment and children’s physical
activity level in the Spatial Planning And Children’s Exercise (SPACE)
study [47], a survey on the physical activity level of children from ten
disadvantaged Dutch urban neighborhoods conducted by TNO Quality of
Life in 2004-2005.

17
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Chapter 6 describes the association between characteristics of the Dutch
built environment and the time children spend in moderate to vigorous
physical activity.
In chapter 7, the association between characteristics of the Dutch built
environment and children’s walking and cycling behavior is described.
Since environmental correlates may be behavior specific, a distinction was
made between walking and cycling for transportation, walking and cycling
to school, and walking and cycling for recreation. It was also examined
whether there was a difference between built environmental correlates of
walking and cycling.
Lastly, the main results of this thesis are discussed in chapter 8. Strategies
to promote an active lifestyle among youth are given and recommendations
for future studies are made. English and Dutch summaries of the thesis are
given in chapter 9.

18
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ABSTRACT
Purpose: To investigate the effect of guideline operationalization in terms
of intensity threshold, bout duration, and days on the proportion of children
meeting the health-related 60-minute physical activity guideline using a
subjective and an objective assessment method.
Methods: Five hundred and twenty-one children (6-11 year) completed
a physical activity diary for at least 4 days. A subsample of 51 children
simultaneously wore an ActiGraph (ActiGraph, Pensacola, FL)
accelerometer. Time spent above moderate-intensity thresholds of 3 and 5
METs, respectively, for continuous bouts of at least 1, 5, and 10 minutes was
calculated. For each intensity threshold and bout duration, the proportion
of children meeting the 60-minute guideline was calculated. A distinction
was made between meeting the 60-minute threshold on each assessment
day and meeting this threshold on average across all assessment days.
Results: The proportion of children meeting the 60-minute guideline
differed considerably by guideline operationalization and assessment
method. It ranged from 3% to 86% using the diary and from 0% to 100%
using the ActiGraph. Overall, a higher proportion of children met the
guideline when the 3 MET intensity threshold was used compared with the
5 MET threshold and when a shorter bout duration was used compared with
a longer bout duration. More children met the guideline on average across
all assessment days compared with the guideline on each assessment day.
In general, boys were found to be more active than girls, independent of
guideline operationalization and assessment method.
Conclusion: Meeting the 60-minute guideline highly depends on guideline
operationalization and assessment method. Consensus about how the
guideline should be operationalized is needed in order to monitor the
extent to which populations of children meet the guideline and to simplify
comparison between studies.
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INTRODUCTION
Assessing and promoting physical activity among youth have gained ample
attention in recent years. This is mainly due to the high prevalence of
pediatric overweight and obesity all over the world. Trends suggest declines
in children’s physical activity level, in particular in active commuting,
organized sports, and physical education [8,11]. However, there is
conflicting information on the proportion of children meeting the current
health-related physical activity guideline to accumulate a minimum of 60
min of moderate to vigorous physical activity (MVPA) per day [5,13,19].
Self-reported data of 115,981 Europeans aged 11, 13 or 15 years suggest
that about one third of young people meet the 60-minute guideline [3],
whereas in another European study using accelerometers, the proportion
of children meeting the guideline was much higher and ranged from 62%
in 15-year-old girls to over 97% in 9-year-olds [16]. In the Netherlands,
this proportion was found to range from 20% to 90% in different studies
using self-reports among school-aged children [26,27]. This conflicting
information hampers national policy making.
The proportion of children meeting the 60-minute physical activity
guideline is likely to vary with the assessment method. Numerous methods
are available to assess physical activity. In most epidemiologic studies,
self-reports are used. Self-reports are easily administered, low-cost
measurements but tend to overestimate the time spent in vigorous physical
activities and to underestimate the time spent in unstructured daily
physical activities such as walking and playing outdoors [3,12]. At present,
accelerometers are being used with increasing regularity. Accelerometers
are lightweight, unobtrusive, and relatively inexpensive compared with
other objective methods, such as direct observation or doubly labeled water.
However, they cannot always be worn and underestimate certain activities
(e.g., stair climbing, weight lifting, cycling, and rowing). Furthermore,
regarding measuring intensity, there is a ceiling effect with running at high
speeds [6].
Data processing decisions, such as the definition of moderate-intensity
activity, are also likely to influence adherence to the 60-minute guideline.
Moderate-intensity activity is described by the American College of Sports
Medicine as “generally equivalent to a brisk walk, or activity that noticeably
accelerates the heart rate.” This relatively loose definition leaves room for
different interpretations. For children in most studies moderate-intensity
is defined as “at least 3 METs,” whereas in the Netherlands, a threshold
of 5 METs is used [10]. In a study of Pate et al. [15], the proportion of
12-year-old girls meeting the 60-minute guideline ranged from 1% to
88% using three different intensity thresholds (i.e., 3.0, 3.8, and 4.6
METs). Another aspect that might influence adherence to the guideline is
whether intermittent, cumulative physical activity or sustained periods of
physical activity are included in the analysis. In adults, accumulation of
physical activity in intermittent bouts of at least 10 minutes is stated to
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be as effective in effecting chronic disease risk factors as longer bouts.
For children the guideline is less specific and bout durations between 1
and 30 minutes are used in the literature. Olds et al. [14] showed that the
definition of days on which a guideline must be met also affects adherence
to the guideline. In their study among 13- to 19-year-olds, the proportion
of children meeting the guideline differed from 20% for “all days” to 68%
for “on average across all days.”
The purpose of the present study was to investigate the effect of data
processing decisions in terms of intensity threshold, bout duration, and
days on the proportion of 6- to 11-year-old children meeting the 60-minute
physical activity guideline using a subjective and an objective assessment
method.

METHODS
Spatial Planning and Children’s Exercise study description and
subjects
This study was part of the Spatial Planning and Children’s Exercise
study [25]. The study involved a convenience sample of 6- to 11-yearold children recruited from 20 elementary schools in 10 disadvantaged
neighborhoods of six Dutch cities (> 70,000 inhabitants). The study
consisted of measurements of physical activity, energy consumption,
and anthropometry at the individual level and an observation checklist
for the built environment at the neighborhood level. All measurements
were conducted between October 2004 and January 2005. The study was
approved by the ethics committee of the Leiden University Medical Center.
Informed consent was obtained from the parents of 1228 children after
they were given written information about the purpose and nature of the
study.
Measurements
Physical activity diary
Physical activity was assessed subjectively by a 7-day physical activity
diary that was completed by one of the parents, together with his/her child.
During seven consecutive days for all waking hours, all physical activities
were noted at the end of each day, including the duration (in minutes) and the
corresponding physical activity category (i.e., active commuting, activities
during school time, organized sports, playing outdoors, and activities at
home). Because recall of physical activity is a complex cognitive task, the
information processing guidelines of Baranowski [4] were followed. Every
day was segmented into the following: morning, 06.00 a.m. to 12 noon;
afternoon, 12 noon to 06:00 p.m.; and evening, 6:00 p.m. to 11:00 p.m.
Furthermore, memory cues were provided, that is, a bookmarker with
examples of commonly performed activities for each category and guiding
questions (e.g., “At what time did your child get up this morning/go to bed
29
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this evening?”, and “At what time does school begin/end?”, and "How long
does recess/lunch break last?”). In addition, an example of a filled-out day
was provided. All instructions and guiding questions were addressed to the
parents. They were not instructed about reporting a minimum duration of
the activities. The diary was pilot tested prior to the study.
ActiGraph accelerometer
Simultaneously with the diary, physical activity was assessed objectively
in a subsample using the ActiGraph AM-7164 accelerometer (ActiGraph,
Pensacola, FL). The ActiGraph has proved to be valid and reliable for use in
children [24]. It is a lightweight uniaxial accelerometer, which is designed
to measure normal human movement by using an internal piezoelectric
cantilever beam that creates a charge proportional to the magnitude of
the movement. Movement values (counts/min) are accumulated and stored
over a user-specified period. In this study, the time sampling interval was
set at 1 minute. The device was attached securely to the child’s right hip by
an elastic waist belt. Children were asked to wear the accelerometer during
waking hours for eight consecutive days. They were instructed to remove
the device during swimming and bathing.
Background variables
Other variables that were collected included age, sex, body height and
body weight, parental education level, and country of origin of the child and
both parents. Body height and body weight (while wearing indoor clothes
without shoes) were measured by two trained research assistants with a
portable stadiometer (Stanley 04-116, Stanley-Mabo Ltd, Poissy, France)
and a digital scale (Seca 812, Vogel & Halke GmbH & Co, Germany). Body
mass index was calculated (kg/m2) and categorized into normal weight,
overweight, and obesity according to age- and sex-specific cutoffs for
children [7].
Data analysis
Fifty-one percent (n = 625) of the initial sample returned the physical
activity diary. Children failing to complete the diary for at least 4 days
(including at least one weekend day; n = 104) were excluded from analyses
[21]. Each activity was assigned a MET value using the Compendium of
Physical Activities [1].
Ten percent (n = 62) of the diary sample simultaneously wore an ActiGraph
accelerometer. Children were included in the analyses if the accelerometer
was worn for at least 4 days during at least 500 min/d [21]. The first day of
monitoring was excluded as there was a significant difference between the
first and the following monitoring day (day 1 = 766 ± 338 counts/min; day 2
= 641 ± 183 counts/min; t = 3.448; p = 0.001; both weekdays). Substantial
periods of zero activity counts (≥ 10 minutes) were excluded under the
assumption that the accelerometer had been removed. Accelerometer
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data were processed using Actisoft 3.2 (MTI Health Services, Fort Walton
Beach, FL) and MAHUffe 1.6.2.6 (Institute of Metabolic Science, Medical
Research Council Epidemiology Unit, Cambridge, UK) software programs.
Age-specific count cutoffs were used to calculate the number of minutes
spent in moderate to vigorous physical activity (MVPA) of at least 3 and 5
METs [9,22].
All statistical analyses were performed using SPSS 14.0 (SPSS Inc.
Chicago, IL). Descriptive statistics were used to characterize the samples.
For both assessment methods, the amount of time spent above moderateintensity thresholds of 3 and 5 METs, respectively, was calculated. Time
was calculated in three ways: 1) by summing every minute per day that
the specific intensity threshold was met (called 1-minute bouts); 2) by only
summing five or more consecutive minutes above the specific threshold
(5-minute bouts); and 3) by only summing 10 or more consecutive minutes
above the specific threshold (10-minute bouts). No interruptions below
the specific threshold were allowed in identifying bouts. For the diary, it
was assumed that the complete duration of the activity was spent above
the assigned MET value. Mean differences between intensity thresholds
and bout durations were tested with paired-samples t-tests. Betweensex comparisons were made using independent-samples t-tests. For
each intensity threshold and bout duration, the proportion of children
meeting the 60-minute guideline was calculated. A distinction was made
between meeting the 60-minute threshold on each assessment day and
meeting this threshold on average across all assessment days. Differences
between proportions of children meeting the guideline were analyzed using
chi-square analysis. Values were considered statistically significant at
p < 0.05.

RESULTS
From the 625 children who returned the physical activity diary, 83%
completed the diary for at least 4 days (521 children; 254 boys and 267
girls). On average, these children completed the diary for 7 ± 1 days during
537 ± 197 min/d (i.e., 70% of waking time). From the 62 children who
simultaneously wore the ActiGraph, 7 were excluded because they did
not complete the diary for at least 4 days, 3 were excluded because they
failed to wear the accelerometer for at least 4 days, and 1 was excluded
due to monitor failure. The remaining children (n = 51; 16 boys, 35 girls)
completed the diary for an average of 7 ± 1 days during 508 ± 224 min/d
and wore the accelerometer for an average of 6 ± 1 days during 730 ±
55 min/d. The characteristics of the final samples are shown in Table 1. A
considerable number of children were overweight or obese, that is, 27% of
the diary sample and 22% of the ActiGraph sample.
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Table 1. Subject characteristics (mean ± SD).
Diary sample
(n = 521)
Boys
n = 254
Age range (yr)

Girls
n = 267

ActiGraph sample
(n = 51)
Boys
n = 16

Girls
n = 35

6-11

6-11

6-10

6-11

Body height (cm)

136.0 ± 10.2

135.4 ± 9.7

137.0 ± 10.5

131.5 ± 8.5

Body weight (kg)

32.6 ± 8.1

33.3 ± 9.3

31.3 ± 5.4

31.4 ± 8.7

17.4 ± 2.8

17.9 ± 3.3

16.6 ± 1.2

17.9 ± 3.1

21.3

31.4

0.0

33.4

Maternal education level (%)
Low
Medium
High

27
56
17

26
56
18

33
67
0

28
55
17

Paternal education level (%)
Low
Medium
High

30
44
27

36
41
23

25
58
17

33
48
19

Native Dutch (%)

56

61

54

53

2

BMI (kg/m )
Overweight or obese* (%)

BMI = body mass index; * using international cutoffs from Cole et al. [7].

Table 2 shows children’s physical activity level. On average, the diary sample
accumulated 1314 ± 489 MET min/d (boys = 1347 ± 483 MET min/d; girls =
1280 ± 493 MET min/d; NS) (weekdays = 1310 ± 482 MET min/d; weekend
days = 1396 ± 646 MET min/d; t = 3.528; p < 0.001). For the ActiGraph
sample, mean MET minutes per day was not significantly different (1205 ±
510 MET min/d). Mean counts per minute of the ActiGraph sample was 584
± 173 (boys = 689 ± 211 counts/min; girls = 536 ± 131 counts/min; t =
2.666; p < 0.05) (weekdays = 580 ± 169 counts/min; weekend days = 574 ±
207 counts/min; NS). Time spent in MVPA differed considerably by guideline
operationalization and assessment method (Table 2). It ranged from 53 to
111 min/d using the diary and from 2 to 173 min/d using the ActiGraph.
On average, children spent significantly more time in activities of at least
3 METs compared with 5 METs (p < 0.001), independent of bout duration
and assessment method. Furthermore, they spent significantly more time
in MVPA when shorter bouts were considered compared with longer bouts
(diary and ActiGraph; p < 0.001). According to both assessment methods,
boys spent significantly more time in MVPA than girls (p < 0.001), with the
exception of mean time spent in MVPA of at least 3 METs in bouts of at least
1 minute as measured by the ActiGraph (NS).
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Table 2. Time spent in MVPA (mean ± SD).
Intensity

≥ 3 METs

≥ 5 METs

Bout duration

≥ 1 min

≥ 5 min

≥ 10 min

≥ 1 min

≥ 5 min

≥ 10 min

Diary (min/d)
Boys (n = 254)
Girls (n =267)
Total (n = 521)

111 ± 48
101 ± 50
106 ± 49

103 ± 51
94 ± 52
99 ± 51

99 ± 51
90 ± 51
95 ± 51

79 ± 45
59 ± 42
69 ± 45

72 ± 45
53 ± 40
62 ± 43

72 ± 45
53 ± 39
62 ± 43

ActiGraph (min/d)
Boys (n = 16)
Girls (n = 35)
Total (n = 51)

173 ± 63
158 ± 52
163 ± 56

98 ± 47
70 ± 34
79 ± 40

59 ± 34
33 ± 21
41 ± 28

57 ± 23
35 ± 15
42 ± 20

24 ± 14
9±7
14 ± 12

8±5
2±3
4±5

On all days

On average across all days
100
100

80

80
Diary (%)

Diary (%)

60
40
20
0

60
40
20

1 min,
3 METs

5 min,
3 METs

10 min, 1 min,
3 METs 5 METs

5 min,
5 METs

10 min,
5 METs

1 min,
3 METs

5 min,
3 METs

10 min, 1 min,
3 METs 5 METs

5 min,
5 METs

10 min,
5 METs

Boys (n=254)

86

79

76

63

55

55

Boys (n=254)

20

18

16

6

5

5

Girls (n=267)

81

75

72

40

34

34

Girls (n=267)

19

15

11

5

3

3

Total (n=521)

84

77

74

51

44

44

Total (n=521)

19

16

13

5

4

4

On average across all days

On all days

100
100
ActiGraph (%)

ActiGraph (%)

80
60
40
20
0

80
60
40
20

1 min,
3 METs

5 min,
3 METs

10 min, 1 min,
3 METs 5 METs

5 min,
5 METs

10 min,
5 METs

0

1 min,
3 METs

5 min,
3 METs

5 min,
5 METs

10 min,
5 METs

Boys (n=16)

100

81

44

38

0

0

Boys (n=16)

75

25

10 min, 1 min,
3 METs 5 METs
19

6

0

0

Girls (n=35)

100

54

14

6

0

0

Girls (n=35)

71

11

0

0

0

0

Total (n=51)

100

63

24

16

0

0

Total (n=51)

73

16

6

2

0

0

Figure 1A-D. A, Proportion of children meeting the 60-minute physical activity guideline on
average across all days according to the diary. B, Proportion of children meeting the 60-minute
physical activity guideline on all days according to the diary. C, Proportion of children meeting
the 60-minute physical activity guideline on average across all days according to the ActiGraph.
D, Proportion of children meeting the 60-minute physical activity guideline on all days according
to the ActiGraph.

Effects of intensity threshold and bout duration on MVPA were reflected
in the proportion of children meeting the 60-minute guideline. This
proportion ranged from 3% to 86% using the diary and from 0% to 100%
using the ActiGraph (Figure 1A-D). In the diary sample, the proportion
was significantly lower when the 5 MET threshold was used compared
with the 3 MET threshold (p < 0.001), independent of bout duration and
operationalization of days. A significantly higher proportion of children
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met the guideline if shorter bouts were considered compared with longer
bouts, independent of intensity threshold, operationalization of days,
and assessment method. Significantly more children met the guideline
on average across all days compared with the guideline on each day
(p < 0.001), independent of intensity threshold, bout duration, and
assessment method. Between-sex differences in the proportion of
children meeting the 60-minute guideline were found for some guideline
operationalizations. When the mean number of days that the guideline
was met was analysed, boys met the guideline on significantly more days
per week than girls (p < 0.05), independent of intensity threshold, bout
duration, and assessment method (Table 3), with the exception of the mean
number of days the guideline was met using the 3 MET threshold in 1- and
5-minute bouts and the 5 MET threshold in 10-minute bouts as measured
by the ActiGraph.
Table 3. Number of days meeting the 60-minute physical activity guideline (mean ± SD).
Intensity

≥ 3 METs

≥ 5 METs

Bout duration

≥ 1 min

≥ 5 min

≥ 10 min

≥ 1 min

≥ 5 min

≥ 10 min

Diary
Boys (n = 254)
Girls (n = 267)
Total (n = 521)

5±2
5±2
5±2

5±2
4±2
5±2

5±2
4±2
4±2

4±2
3±2
3±2

4±2
3±2
3±2

4±2
3±2
3±2

ActiGraph
Boys (n = 16)
Girls (n = 35)
Total (n = 51)

7±1
7±1
7±1

5±2
4±2
4±2

3±3
1±2
2±2

3±2
1±1
2±2

0±1
0±0
0±1

0±0
0±0
0±0

DISCUSSION
In this study, the effect of physical activity guideline operationalization in
terms of intensity threshold, bout duration, and days was investigated on
adherence to the 60-minute guideline. The proportion of children meeting
the guideline differed considerably by guideline operationalization. It
ranged from 3% to 86% using the diary. Similar results were found in a
subsample of children who simultaneously wore an accelerometer. Using
the ActiGraph, the proportion of children meeting the guideline ranged
from 0% to 100%. Overall, a higher proportion of children met the guideline
when the 3 MET intensity threshold was used compared with the 5 MET
threshold and when a shorter bout duration was used compared with a
longer bout duration. More children met the guideline on average across
all assessment days compared with the guideline on each assessment day.
Furthermore, boys were found to be more active than girls, independent
of guideline operationalization and assessment method. This finding is in
accordance with other studies in which boys appear to participate in more
physical activity, especially more vigorous physical activity, than girls [3].
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The results of our study are also in line with a study of Sleap and Tolfrey
[18] in which 79 children (9- to 12-year-old) wore a heart rate monitor
during 4 days. The interpretation of the children’s physical activity level
depended on the intensity threshold and whether cumulative or continuous
bouts of physical activity were included in the analyses. In a study of Pate et
al. [15] with accelerometers, it was also shown that adherence to physical
activity guidelines varied by intensity threshold. The proportion of girls that
met the 60-minute guideline was 1%, 12%, and 88%, respectively, using
intensity thresholds of 4.6, 3.8, and 3.0 METs, respectively. Our results are
also in line with the study of Olds et al. [14] in which a considerable lower
number of children met the guideline “on all 4 days” (20%) compared with
“on average across 4 days” (68%).
There are several other factors that may affect adherence to the 60-minute
physical activity guideline that have not been investigated in this study,
such as the MET values that were assigned to each activity [1] and the
accelerometer count cutoffs that were used [9,22]. The Compendium of
Physical Activities is based on adults [1]. According to Armstrong and
Welsman [3] and Torun [20], the use of adult values may underestimate
energy cost by 20% in 10-year-old children [3,20]. To our knowledge, there
is no comprehensive list of energy costs of children’s free-living physical
activities. Furthermore, the accelerometer count cutoffs that were used
in this study to define moderate-intensity are debatable. These count
cutoffs were established during running on a treadmill [9,22]. Whether this
represents children’s free-living activities remains uncertain. Anderson et
al. [2] showed that accelerometer count cutoffs not only affected time spent
in MVPA but also affected agreement between diary and accelerometer
estimates of physical activity.
The present study was aimed at investigating the effect of guideline
operationalization on the proportion of children meeting the 60-minute
physical activity guideline. It was not aimed at presenting the absolute
proportion of Dutch children meeting the guideline. There are some
limitations in this study that warrant careful interpretation of the results.
The study was performed in a convenience sample of children living in
disadvantaged neighborhoods. Half of the children did not return the diary.
However, compliance among the children who did return the diary seems
reasonable (i.e., 83% completed the diary for at least 4 days). Accelerometer
data were only collected in a subsample of the diary sample. Nowadays,
accelerometry is more frequently the method of choice to assess physical
activity, but at the time the study was performed this was not commonly
used. Financial and time constraints limited our choice of assessment
method. Furthermore, agreement between the diary and ActiGraph was
poor. Pearson’s correlations between time spent in MVPA according to both
assessment methods were low and ranged from r = 0.006 to r = 0.197
(NS) depending on intensity threshold and bout duration. Analogously,
the percentage of agreement in meeting the guideline ranged from 31%
to 98% with Cohen’s Kappa’s of 0.013 to 0.179 (NS). Results in Table 2
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suggest that in the diary, the duration of short bouts of activities of at least
3 METs was underestimated and the duration of more vigorous activities (≥
5 METs) was overestimated, compared with ActiGraph recordings. Parents
were not instructed about reporting a minimum duration of the activities,
but not many activities were reported to last less than 10 minutes. This
might explain the small difference from going from 1- to 5-minute bouts
to 10-minute bouts in the diary sample compared with the ActiGraph
sample. Poor agreement between the two methods might also have been
caused by removing the ActiGraph during certain activities like swimming
and vigorous contact sports (e.g., martial arts and soccer) because
some children were afraid of damaging the accelerometer. Furthermore,
cycling, an activity that was performed by 61% of the diary sample and
41% of the ActiGraph sample, is underestimated by the ActiGraph. This
might have resulted in an underestimation of time spent in activities of
at least 5 METs. Besides, a 1-minute sampling interval was used instead
of 15 seconds to be able to monitor during eight consecutive days with
the limited accelerometer’s memory capacity. With this sampling interval,
short bursts of vigorous activity might have been averaged out.
Although there are some methodological limitations, it is concluded that
the proportion of children meeting the 60-minute physical activity guideline
is significantly affected by guideline operationalization and assessment
method. The effect size of the intensity threshold, bout duration, and
days on the proportion of children meeting the guideline remains to be
determined. It is important to reach consensus about how the 60-minute
physical activity guideline should be operationalized to monitor the
extent to which populations of children meet the guideline and to simplify
comparison between studies. This will not be easy as there is continuing
uncertainty about the optimal intensity, frequency, and duration of physical
activity for children [17,23].
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ABSTRACT
Background and objectives: To review the clinimetric quality of motion
sensors used to assess physical activity in healthy children and adolescents
(2-18 year).
Method: A systematic literature search was performed in PubMed, Embase,
and PsycINFO. The clinimetric quality of two pedometers (Digi-Walker,
Pedoboy), four one-dimensional accelerometers (LSI, Caltrac, Actiwatch,
CSA/ActiGraph), and three three-dimensional accelerometers (Tritrac-R3D,
RT3, Tracmor2) was evaluated and compared using a 20-item checklist.
Results: Overall, the quality of the studies (n = 35) and therefore the level
of evidence for the reproducibility, validity, and feasibility of the motion
sensors was modest (mean = 6.4 ± 1.6 out of 14 points). There was strong
evidence for a good reproducibility of the Caltrac in adolescents (12-18
year), a poor reproducibility of the Digi-Walker in children (8-12 year), a
good validity of the CSA/ActiGraph in children and adolescents (8-18 year),
and a good validity of the Tritrac-R3D in children (8-12 year).
Conclusions: The CSA/ActiGraph and the Caltrac are the only motion
sensors in which the reproducibility, validity, and feasibility have been
examined in different age groups. Further studies of the reproducibility
of motion sensors in preschool children, improvement of the quality of
clinimetric studies, and evaluation of the acceptability of motion sensors
are warranted.
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INTRODUCTION
There is tremendous interest in assessing and promoting physical activity
among children and adolescents, mainly because of the worldwide increase
in the prevalence of pediatric overweight and obesity [26,53]. This increase
in overweight and obesity has focused attention on the need to understand
its etiology, consequences, treatment, and prevention. Physical inactivity,
and hence a low energy expenditure level, is suggested to be a major risk
factor for overweight and obesity [15]. Although many health professionals
and scientists have expressed concern about the relative lack of physical
activity among children and adolescents, there is conflicting information
on children’s physical activity levels, mainly because of the difficulty in
measuring it in this age group [20].
Numerous methods are available to measure physical activity, such as
doubly labeled water, direct observation, (in)direct calorimetry, heart
rate monitoring, motion sensors, questionnaires, diaries, and interviews
[32,44,47,55]. In the past decades, motion sensors have evolved from
simple mechanical devices to three-dimensional accelerometers that can be
used to assess physical activity or to estimate energy expenditure. Because
many children and adolescents have difficulties in accurately recalling
their physical activities, motion sensors are being used with increasing
regularity. In addition, motion sensors are lightweight, unobtrusive, and
relatively inexpensive compared to other objective methods, such as direct
observation or doubly labeled water. As motion sensor-based research
evolved, researchers have validated and calibrated them in diverse
populations, including children and adolescents. However, few studies have
evaluated and compared the published evidence of the clinimetric quality
of different motion sensors [50].
The purpose of the present study was to systematically review published
evidence on the reproducibility, validity, and feasibility of motion sensors
used to assess physical activity in healthy children and adolescents.
Important methodological issues are discussed and priorities for future
research are identified.

METHODS
Literature search
The computerized bibliographic databases PubMed (Medline), Embase, and
PsycINFO were searched in October 2004, using combined MeSH terms and
text words, for relevant articles in English, Spanish, German, and French.
Table 1 presents the search strategy (including the number of total hits per
database). The references of retrieved articles were screened for additional
relevant studies. If necessary, additional information on motion sensors
was obtained from the manufacturers.
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Studies (written as full reports) were included in the review if their main
purpose was the clinimetric evaluation of a motion sensor for assessing
physical activity in healthy children and adolescents (2–18 year). Because
modern motion sensors are more accurate than their mechanical
predecessors, only studies published between January 1980 and October
2004 were retrieved [50].
Table 1. Literature search.
Database

Search strategy

PubMed (n=71)

(((pedometer or pedometers) or (accelerometer or accelerometers) or
(motion sensor or motion sensors) or (activity monitor or activity monitors)) and (“reproducibility of results” [MeSH]) and ((“child” [MeSH]) or
(“child, preschool” [MeSH]) or (“adolescent” [MeSH])))

Embase (n=63)

pedometer.mp. or accelerometer.mp. or motion sensor.mp. or activity
monitor.mp. and child/

PsycINFO (n=15)

((adolescence in AG) or (school-age in AG) or (childhood in AG)) and
((accelerometer) or (pedometer))

n = number of hits.

Clinimetric evaluation
A 20-item checklist was developed to evaluate and compare the published
evidence on the clinimetric quality of the identified motion sensors (see
Appendix). The checklist was partly based on the review criteria developed
by the Scientific Advisory Committee of the Medical Outcomes Trust [1],
the Cochrane Collaboration [11], and a checklist developed by Bot et al.
[6]. Ideally, a motion sensor is reproducible, valid, sensitive, feasible, and
cheap. All studies were evaluated independently by two authors (SdV,
IB) using the checklist: four items concerned the study design, six items
concerned the reproducibility, six items concerned the validity, and four
items concerned the feasibility of the motion sensor under study. A third
reviewer could be consulted if the reviewers did not reach consensus;
however, in practice this was not necessary.
The reproducibility of a motion sensor is the extent to which the sensor is
free of measurement error and includes two concepts: intra-instrument
reliability (i.e., test-retest reliability) and inter-instrument reliability. Intrainstrument reliability assesses the variability of a motion sensor over time
and reflects measurement error and real change in the observed behavior
[52]. Inter-instrument reliability quantifies measurement error and detects
systematic differences between two measurements. Calculation of the
intraclass correlation coefficient (ICC) is considered an adequate method
to quantify intra- or inter-instrument reliability [5]. An ICC ≥ 0.70 for group
comparisons is rated as “good” (+) [1,6,22]. Pearson’s product-moment
correlation coefficient (r p), Spearman’s rank order correlation coefficient
(r sp), and Kendall’s tau are considered inadequate measures because they
neglect possible systematic errors and are highly dependent on the sample
size [5]. The 95% limits of agreement, the kappa coefficient, the standard
45

KvL-L.09-03.981B5.indd 45

14-10-2009 13:41:51

Chapter 3

error of measurement, and the coefficient of variation are considered
adequate measures of inter-instrument reliability [4,22].
To determine whether a motion sensor measures what it was intended to
measure requires evidence of validity. Validity refers to the appropriateness,
meaningfulness, and usefulness of the specific outcome measure. There
are several types of validity. Criterion validity is the most powerful type
and requires testing of a motion sensor against the most valid assessment
method, that is, the gold standard or criterion standard [52]. Direct
observation and the doubly labeled water technique are considered
gold standards for assessing physical activity and energy expenditure,
respectively [14,27,32]. Another type of validity is convergent validity,
a form of construct validity. Convergent validity is defined as the extent
to which measurements made with the motion sensor under study are
associated with those made with other assessment methods that intend
to measure the same or similar aspects [45,50]. Adequate measures to
quantify validity are sensitivity, specificity, Pearson’s product-moment
correlation coefficient (r p), Spearman’s rank order correlation coefficient
(r sp), t-test, chi-square test, and Mann-Whitney U-test [23]. A correlation
coefficient of 0.75 and higher is considered to reflect a “good” (+) criterion
validity; r ≥ 0.60 is rated as “good” (+) construct validity.
The feasibility of a motion sensor is defined as the cost (including software),
required expertise, and acceptability of the device. The required expertise
covers the need for special or specific computer hardware or software to
administer, score, or analyze the data, and the amount of training, level of
education, or professional expertise required [1]. Indicators of acceptability
are the level of comfort, tolerance, refusal, and the amount of missing or
lost data due to malfunctioning of the motion sensor.
The quality of the study was also rated because the reproducibility and
validity of a motion sensor depend on the sample and the setting in
which the motion sensor is tested. A clear description of a study includes
characteristics of the sample (number, age, sex, weight, height, body
mass index, and health status), the measurements (type of motion sensor,
outcome measure(s), epoch, site of placement, reference method(s)), the
protocol (setting, activities, duration), and the statistical analyses (tests,
statistical software package, p-value).

RESULTS
The literature search identified 149 publications, of which 27 were selected.
Reference tracking resulted in eight additional studies. Thus, the review
included 35 articles describing the clinimetric properties of nine motion
sensors: two pedometers (Digi-Walker, Pedoboy), four one-dimensional
accelerometers (LSI, Caltrac, Actiwatch, CSA/ActiGraph), and three
three-dimensional accelerometers (Tritrac-R3D, RT3, Tracmor2). The
general characteristics of these motion sensors are presented in Table 2
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and summarized below, followed by an evaluation and comparison of their
clinimetric properties.
General characteristics
Pedometers
The Digi-Walker (Yamax Co., Yasama Corp., Tokyo, Japan) and the Pedoboy
(Barrigo GmbH, Schwenningen, Germany) pedometers use a horizontal
spring-suspended lever arm that moves up and down in response to vertical
displacement of the hip. With each deflection detected, an accumulated
step count is displayed digitally on a screen [43]. Digi-Walker pedometers
are sensitive to 0.35-0.50 G. Neither pedometer can store data and
thus do not provide information about a child’s physical activity pattern
(frequency, intensity, and duration). In general, pedometers are cheaper
than accelerometers.
One-dimensional accelerometers
The Large Scale Integrated (LSI) movement activity counter (GMM
Electronics Inc., Verona, PA), the Caltrac accelerometer (Muscle Dynamics
Fitness Network, Inc., Torance, CA), the Actiwatch (Mini Mitter Co., Inc.,
Bend, OR), and the CSA activity monitor (Computer Science and Applications
Inc., Shalimar, FL), now known as the ActiGraph (ActiGraph, Fort Walton
Beach, FL), are all one-dimensional accelerometers (see Table 2).
The Caltrac accelerometer provides information on activity counts and
energy expenditure. The latter is estimated by summing the predicted
resting metabolic rate (RMR) and energy cost of activities. As the predicted
RMR is based on equations for adults, the preset values should be overridden
when the device is used for children and adolescents, as recommended by
Sallis et al. [42]. The Caltrac has a special entry for cycling, stair climbing,
weight lifting, and elliptical machines.
The Actiwatch is the only waterproof one-dimensional accelerometer [37].
The device is sensitive to 0.01 G [18]. The AW-2 and AW-4 are the standard
Actiwatch models. Other models have a second sensor for recording heart
rate, sleep onset latency, body temperature, ambient light level, sound,
body tremor, or subjective scores from 0 to 15 (e.g., for pain, perceived
exertion). The Actiwatch is generally worn on the wrist but can also be
worn on the hip, leg, or foot.
The CSA activity monitor/ActiGraph is one of the most widely used motion
sensors for physical activity research and uses an internal piezoelectric
cantilever beam that creates a charge proportional to the magnitude of
the movement. It can detect acceleration ranging in magnitude from 0.05
to 2.00 G. The CSA/ActiGraph, like the Actiwatch, has storage capacity.
Movement data are stored over a user-specified time period (i.e., epoch).
The CSA/ActiGraph can be pre-programmed and turn itself on on a specified
date and time. Each model records activity data, and either pedometer
data, skin temperature, or ambient light level.
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pedometer

pedometer

1-D
accelerometer

1-D
accelerometer

1-D
accelerometer

1-D
accelerometer

3-D
accelerometer

3-D
accelerometer

3-D
accelerometer

Digi-Walker

Pedoboy

LSI

Caltrac

Actiwatch

CSA/ActiGraph

Tritrac-R3D

RT3

Tracmor2

activity counts

activity counts,
vector magnitude, EE

activity counts,
vector magnitude, EE

steps counts, activity counts,
EE, skin temperature, light

activity counts, heart rate,
body temperature, light,
sound, body tremor, subjective score (0-15)

activity counts, EE

activity counts

steps counts, distance

step counts, distance, EE,
stopwatch, digital clock

Outcome measure(s)

21 days

21 days

14 days

11/ 22
days

11/ 44
days

no

no

no

no

Data
storage

3.7 x 2.9 x 1.0

?

3.8 x 4.5 x 2.2

?

5.1 x 3.8 x 1.9

Seize
(cm)

waist

waist

waist

7.0 x 2.8 x 0.8

7.1 x 5.6 x 2.8

10.8 x 6.8 x 3.3

wrist,
5.1 x 3.8 x 1.5
waist, ankle

wrist,
waist, leg,
foot

waist

arm, waist,
leg

waist

waist

Placement

EE = energy expenditure; ? = no information available; - = not commercially available (anymore).

Type

Motion sensor

Table 2. General characteristics of nine motion sensors.

30

65.2

170.4

45

16

?

51

40

21

Weight
(g)

-

500

500

859

1120-2270

70-100

-

-

22-35

Approximate cost
(US $)
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Three-dimensional accelerometers
The Tritrac-R3D accelerometer (Hemokinetics, Inc. /Professional Products,
Division of Reining International Ltd., Madison, WI) measures acceleration
in three planes (anterior-posterior, vertical, and mediolateral) and provides
information about energy expenditure, activity counts for each of the three
dimensions, and a three-dimensional vector representation of these counts
(vector magnitude) [40]. Although the device is not suitable for measuring
energy expenditure in children and adolescents, because data derived from
adults are incorporated in the equations, it can be used to measure activity
counts and vector magnitude [30].
Stayhealthy Inc. (Monrovia, CA) has purchased the technology and rights
of the Tritrac-R3D and has developed the RT3. The two accelerometers
differ in the number of accelerometers incorporated. The Tritrac-R3D uses
three one-dimensional accelerometers, while the RT3 uses one integrated
three-dimensional accelerometer. For children under the age of ten, the
RT3 can only be used as an activity monitor because it cannot calculate
energy expenditure accurately in this age group.
The Tracmor2 (Philips Research, Eindhoven, the Netherlands) consists
of three one-dimensional accelerometers. It calculates the sum of the
amplified and band pass-filtered acceleration curves from anteriorposterior, vertical, and mediolateral movements of the trunk [21].
Reproducibility
Of the 35 selected studies, nine reported information on intra-instrument
reliability (i.e., test-retest reliability) and eight on inter-instrument
reliability. Important outcomes are discussed per motion sensor (Table 3).
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Table 3. Reproducibility of motion sensors in 15 studies.
Motion sensor

Sample

Reproducibility

Study

Digi-Walker

n = 68; 8-9 yr

ICC4d = 0.08 (ns)

46

n = 35; 8-13 yr

rp 2d = 0.30 (ns); rp l-r, field = 0.96;
rp l-r, lab = 0.89

42

n = 40; 10-16 yr

differencel-r = 0.8 ± 0.5%

8

Caltrac

**

n= 42; 8-9 yr

rsp 2d = 0.53 -0.69

n = 46; 12.0 ± 0.6 yr

ICC1d = 0.61 ; ICC2d = 0.76

2
37

Actiwatch

n = 26; 6-16 yr

rp

CSA/ActiGraph

n = 31; 7-15 yr

rp 3d = 0.23-0.53*

Tritrac-R3D

**

h-l

38

= 0.93

*

24
*

n = 30; 7-15 yr

ICC1d = 0.42 ; ICC6d = 0.84

n = 30; 10-14 yr

ICCl-r = 0.87

49

n = 381; 6-18 yr

ICC1d = 0.31; ICC7d = 0.87

48

n = 10; 4.0 ± 0.04 yr

mean differencel-r (95% CI) =
31 (1;61); rp l-r = 0.92**

17

n = 40; 13.3 ± 0.5 yr

ICC1d = 0.55; ICC4d = 0.71

3

n = 19; 11-16 yr

mean difference < 12%

19

n = 26; 6-16 yr

rp

37

n = 16; 7.5 ± 0.3 yr

mean differenceh-b (95% CI) =
22 (-110;154); rp h-b = 0.81**

n = 22; 11-13 yr

h-l

= 0.77

rp 2d = 0.49

*

25

33
30

ICC = intraclass correlation coefficient; rp = Pearson’s product-moment correlation coefficient; rsp = Spearman’s
rank order correlation coefficient; d = day; l-r = left vs. right hip; h-l = hip vs. lower leg; h-b = hip vs. lower
back; yr = years; * p ≤ 0.05; ** p ≤ 0.01.

Pedometers
The intra-instrument reliability of the Digi-Walker SW-200 tested over four
consecutive days in 68 girls was poor (ICC 4d = 0.08) [46]. There are no
studies of the reproducibility of the Pedoboy in children and adolescents.
One-dimensional accelerometers
None of the selected studies reported the reproducibility of the LSI
movement activity counter. Three studies reported the intra-instrument
and two the inter-instrument reliability of the Caltrac. Results on the intrainstrument reliability of the Caltrac are contradictory. The intra-instrument
reliability was poor (r2d = 0.30) in one study [42] but modest to high in two
other studies (r2d = 0.53-0.69 [38]; ICC2d = 0.76 [2]). The inter-instrument
reliability between a Caltrac worn on the left and one on the right hip was
high in both field and laboratory settings (r field = 0.96; r lab = 0.89) [42].
One study reported a mean difference of 0.8 ± 0.5% between a Caltrac
worn on the left and one on the right hip [8].
The reproducibility of the Actiwatch was examined in one study [37], which
reported a high inter-instrument reliability (r = 0.93) for Actiwatches placed
on the hip and on the leg.
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The reproducibility of the CSA/ActiGraph has been tested in both field
and laboratory settings, in children aged 4 to 18 year. As can be seen in
Table 3, the intra-instrument reliability coefficient of the CSA increased
with increasing number of monitoring days: ICCs ranged from 0.31 for one
day of monitoring to 0.87 for seven days of monitoring [3,25,48]. Other
sources of variation that have been investigated are site of placement,
axis of measurement, speed, intensity of activities, and epoch. Although
the right hip is the preferred site of placement for the CSA, there seems
to be no significant difference between different sites (left vs. right hip
[17,49], hip vs. lower back [33], hip vs. lower leg [37]). Dual placement
only marginally improved the estimation of activity energy expenditure
(AEE) [37]. The ability of the CSA to measure in different directions was
tested in one study [19]. CSA’s measuring in the vertical axis detected
changes in treadmill speed better than those measuring in the horizontal
axis [19]. Another study investigated the influence of the time sampling
interval [33]. A significant epoch effect was found for time spent doing high
and very high intensity activities – short periods of high activity were not
detected when a long sampling interval was used.
Three-dimensional accelerometers
The reproducibility of the RT3 and the Tracmor2 in assessing physical
activity in children and adolescents was not reported in the selected
studies. The intra-instrument reliability of the Tritrac-R3D was modest (r2d
= 0.49) in a study with 22 children from grades 6-8 [30].
Validity
All nine motion sensors have been validated in children or adolescents in
one or more studies. The criterion validity was investigated in 13 studies,
the construct validity in 19. The results of the studies are summarized
below (see also in Table 4).
Pedometers
The validity of the Digi-Walker in assessing physical activity in children
was investigated in three studies. The correlation between time spent in
moderate to vigorous physical activity (MVPA) during physical education
lessons and steps per minute was high in two samples of children (r = 0.85;
r = 0.74) [43]. The number of steps recorded with the Digi-Walker was
moderately correlated with CSA activity counts (r = 0.47) [46] and oxygen
uptake (r = 0.53-0.62) [16].
The correlation between estimated VO2 max and step counts registered
with the Pedoboy in adolescents was low (r = 0.21-0.30) [31].
One-dimensional accelerometers
The outcomes of the LSI movement activity counter were poorly to
moderately correlated with various observed physical activities (e.g.,
sitting: r = -0.31; standing: r = 0.35; extreme intensity: r = 0.44) [29].
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Eight studies investigated the validity of the Caltrac, using the doubly
labeled water technique [27], direct observation [28,29,34], (in)direct
calorimetry [8,13,42], heart rate monitoring [2,42], questionnaires [2],
and interviews [42]. Study participants were aged 2 to 16 year. Information
on the criterion validity of the Caltrac is contradictory. AEE derived from
the doubly labeled water technique was not correlated with Caltrac activity
counts (r = -0.09) or with Caltrac AEE (r = 0.22) [27]. The mean correlation
between one hour of direct observation and Caltrac activity counts was
r = 0.35 [29] but increased when the observation period was extended
to one day (r = 0.54) [28]. A study with a different observation method
reported a higher correlation (r = 0.86) [34]. There are also conflicting
results on the construct validity of the Caltrac. For example, correlations
between calorimeter values and Caltrac activity counts were poor in one
study (r = 0.11-0.14) [8], but high in another (r = 0.82) [42]. Heart rate
and Caltrac activity counts were moderately correlated in one study
(r d1 = 0.54; r d2 = 0.42) [42] but less so in another [2]. Caltrac activity counts
and Caltrac energy expenditure were moderately to highly correlated with
self-reported energy expenditure in two studies (r d1 = 0.49, r d2 = 0.39 [42];
r = 0.76 [2]).
Two studies examined the validity of the Actiwatch. One study compared
direct observation scores with Actiwatch activity counts in preschool
children [18]. The within-child correlation ranged from r = 0.03 to
r = 0.92, with a median of r = 0.74. The construct validity of the Actiwatch,
as measured with direct calorimetry, a Doppler microwave sensor, heart
rate telemetry, and the CSA, was high in a study with older children [37],
with correlations ranging from r = 0.66 to r = 0.89.
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31

rp = 0.21 -0.30

rp = 0.28 (ns)
rp = 0.76**

direct calorimetry
doubly labeled water
HR monitor
questionnaire
indirect calorimetry

n = 40; 10-16 yr
n = 31; 6-11 yr
n = 46; 12.0 ± 0.6 yr
n = 12; 11.4 ± 0.4 yr

**

49
17

rp = 0.86**/0.87**
rp = 0.77**/0.77**
rp = 0.90**/0.89**
rp = 0.87**

indirect calorimetry
HR monitor
speed
direct observation

n = 30; 10-14 yr
n = 11; 3.7 ± 0.5 yr

16

rp = 0.78

indirect calorimetry

24

37

n = 30; 8.2-10.8 yr

**

rp = 0.50*-0.74*

n = 26; 6-16 yr

18

HR monitor

rp hip = 0.78±0.06; rp leg = 0.80±0.05
rp hip = 0.76±0.07; rp leg = 0.83±0.04
rp hip = 0.66±0.13; rp leg = 0.67±0.12
rp = 0.82-0.89

direct calorimetry
Doppler sensor
HR monitor
CSA/ActiGraph

13

2

27

8

34

42

n = 31; 7-15 yr

r = 0.03-0.92

direct observation

(0.74 )
**

n = 40; 3-4 yr

**

rp = 0.22-0.72*

r = 0.11-0.87

r = 0.86**

rp = Pearson’s product-moment correlation coefficient; rsp = Spearman’s rank order correlation coefficient; d = day; SE = sensitivity; SP = specificity; yr = years; * p ≤ 0.05; ** p ≤ 0.01.

CSA/ActiGraph

Actiwatch

rp = -0.09/0.22 (ns)

direct observation

n = 35; 8-13 yr

rp d1 = 0.54**; rp d2 = 0.42*
rp d1 = 0.49**; rp d2 = 0.39*
rp = 0.82

HR monitor
interview
indirect calorimetry

n = 51; 2-5 yr

28

rsp = 0.40 -0.60

direct observation

n = 28; 2-4 yr
**

29

*

29

rp = 0.33*-0.40*

direct observation

n = 30; 2-6 yr

Caltrac

direct observation

rp = -0.31*-0.44**

n = 30; 2-6 yr

cardiovascular endurance

46
*

rp = 0.47**
*

43

rp = 0.85**/0.74**

n = 233; 11-15 yr

CSA/ActiGraph

n = 68; 8-9 yr

rp = 0.53**-0.62**

LSI

direct observation

n = 369; 6-8 yr

Study
16

Validity

Pedoboy

indirect calorimetry

n = 30; 8.2-10.8 yr

Digi-Walker

Reference method

Sample

Motion sensor
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direct observation
indirect calorimetry

n = 15; 9-11 yr
n = 52; 3.5 ± 0.5 yr
n = 12; 11.4 ± 0.4 yr

21

doubly labeled water

r = 0.79

40

rp = Pearson’s product-moment correlation coefficient; rsp = Spearman’s rank order correlation coefficient; d = day; SE = sensitivity; SP = specificity; yr = years; * p ≤ 0.05; ** p ≤ 0.01.

n = 11; 3-12 yr

41
**

Tracmor2

35
rp = 0.82**-0.89**

n = 56; 6-9 yr
indirect calorimetry

ns
rp = 0.44*
rp = 0.42-0.75**

doubly labeled water
questionnaire
diary

n = 19; 9.5 ± 0.8 yr

rsp = 0.51-0.90

HR monitor

n = 20; 5-16 yr

10
**

rp = 0.86*

Caltrac

n = 61; 11.2 ± 1.3 yr

16
56

rp = 0.70/0.77

direct observation

n = 32; 10-12 yr

rp = 0.91**

indirect calorimetry

n = 30; 8.2-10.8 yr

54
9

HR monitor

n = 35; 8-12 yr

rp = 0.71±0.35

HR monitor

rp = 0.34-0.91**

13

39

rp = 0.50-0.58*

SE = 83±14%; SP = 82 ± 11%

7

n = 35; 9-11 yr

RT3

Tritrac-R3D

adj R² = 0.60**/0.81**
adj R² = 0.55**/0.76**

HR monitor
speed

37

rp hip = 0.66±0.08; rp leg = 0.73±0.07
rp hip = 0.61±0.07; rp leg = 0.72±0.06
rp hip = 0.57±0.13; rp leg = 0.63±0.09
rp = 0.82-0.89

direct calorimetry
Doppler sensor
HR monitor
Actiwatch

n = 26; 6-16 yr

14

rp = 0.39 -0.58

doubly labeled water

n = 26; 9.1 ± 0.3 yr
**

19

*

rp = 0.16-0.77**

indirect calorimetry

rp = 0.50**

n = 19; 11-16 yr

Study
3

Validity

direct observation

n = 40; 13.3 ± 0.5 yr

CSA/ActiGraph

Reference method

Sample

Motion sensor
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The validity of the CSA/ActiGraph was examined in 11 studies involving
children aged 3 to 16 year, using doubly labeled water [14], direct observation
[3,17,39], (in)direct calorimetry [13,16,19,37,49], heart rate monitoring
[7,24,37,49], accelerometers [37], and velocity [7,49] as reference
methods. CSA activity counts were moderately correlated with all measures
of energy expenditure derived from the doubly labeled water technique
(r = 0.39-0.58) [14]. Observed activity was correlated with CSA activity
counts (r = 0.87 in preschool children [17]; r = 0.50 in adolescents [3]).
Reilly et al. [39] assessed the criterion validity of the CSA for assessing
physical inactivity. Optimal sensitivity and specificity of the CSA for the
detection of sedentary behavior was found at 1,100 counts/min. In a cross
validation sample, the mean sensitivity of this count cutoff was 83%, and
the mean specificity was 82% [39]. Construct validity of the CSA was
lowest in a study of Fredriksen et al. [19], in which the correlation between
CSA activity counts and oxygen consumption ranged from r = 0.16 to
r = 0.77 during a treadmill protocol with increasing slope and speed. In
all other selected studies a moderate to high construct validity was found
(r ≥ 0.30).
Three-dimensional accelerometers
The validity of the Tritrac-R3D was evaluated in seven studies involving
children aged 5 to 16 year. The Tritrac-R3D was validated by the doubly
labeled water technique [35], direct observation [56], indirect calorimetry
[16], heart rate monitors [9,40,54], one-dimensional accelerometers [10],
diaries [35], and questionnaires [35]. Results on the criterion validity of
the Tritrac-R3D are contradictory. No significant correlations were found
between Tritrac-R3D scores and total EE, AEE, and physical activity level
(PAL) [35]. However, correlations between observed activity and TritracR3D vector magnitude were moderate to high (r = 0.70 during class room
activities; r = 0.77 during physical education) [56]. The construct validity of
the Tritrac-R3D was moderate to high in most studies (indirect calorimetry:
r = 0.91 [16]; heart rate monitoring: r = 0.34-0.91 [9,40,54]; Caltrac:
r = 0.86 [10]; self-reported activity: r = 0.42-0.75 [35]).
One study investigated the validity of the RT3. The RT3 vector magnitude
was reported to correlate significantly with oxygen consumption (r = 0.820.89) in a laboratory setting [41].
The Tracmor2 has been validated in children [21]. The correlation between
PAL as measured with the Tracmor2, and PAL as measured with the doubly
labeled water technique, was high (r = 0.79).
Feasibility
Sixteen studies reported on the feasibility of the motion sensors in terms
of required expertise and acceptability. No such information was available
for the Digi-Walker, LSI movement activity counter, and Tracmor2.
The Pedoboy was well tolerated by most of the adolescents tested, and less
than 1% of the pedometer data was lost or missing [31].
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In contrast, 7% of the children refused to wear the Caltrac in one study
[28]. In another study, three subjects refused to wear the accelerometer,
and the Caltrac was inadvertently switched into bike or weightlifting mode
in seven instances [2]. Data were lost from two Caltracs that experienced
power failures in one study [13], and 29% of the Caltracs malfunctioned in
another [42].
The Actiwatch is considered to be compact, programmable, and easy to
conceal [18].
The CSA/ActiGraph is reported to be well tolerated, comfortable to wear,
and not to hinder children’s activities [17,19,35,39]. The proportion of lost
or missing data ranged from 0% to 3% in four studies [16,17,24,25].
The feasibility of the Tritrac-R3D was thoroughly examined and described
by Crocker et al. [10]. Seventy-nine children wore a Tritrac-R3D for a
week. Eight sets of data were lost due to instrument breakdown or data
downloading problems. Despite daily telephone reminders and school
visits, most children reported problems with wearing the motion sensor,
including forgetting to put the sensor on, physical discomfort, involvement
in aquatics, public embarrassment, and not being allowed to wear the
sensor during organized sports. Twenty-two children had less than 56
hours of Tritrac data. However, equipment failures were not reported in
another study [9].
The software of the RT3 is considered to be user friendly [41].
Table 5. Level of evidence for the reproducibility and validity of motion sensors per age group.

4-8 yr

8-12 yr

12-18 yr

12-18 yr

Digi-Walker

?

?

---

?

Pedoboy

?

?

?

?

LSI

?

?

?

?

Caltrac

?

?

?

+++

Actiwatch

?

?

?

CSA/
ActiGraph

?

++

Tritrac-R3D

?

RT3
Tracmor2

Study

2-4 yr

8-12 yr

Validity

4-8 yr

Reproducibility

2-4 yr

Motion
sensor

?

++

±±

?

16,43,46

?

?

--

--

31

±

±

?

?

29

±±

±±

±±

±±

2,8,13,27,28,29,
34,38,42

?

±±

++

++

++

18,37

++

++

++

++

+++

+++

?

?

?

?

±±

+++

++

?

?

?

?

?

?

++

?

41

?

?

?

?

++

++

++

?

21

3,13,14,16,17,19,24,
33,37,48,49
9,10,16,30,35,40,
54,56

? = no evidence; - = poor reproducibility or validity; ± = moderate or mixed reproducibility or validity; + = good
reproducibility or validity; one character = limited evidence (0-4.5 points for the quality of the study); two characters = modest evidence (4.5-9 points for the quality of the study); three characters = strong evidence (9-14
points for the quality of the study); note: if ≥ 5 studies of reproducibility or validity, an additional -/±/+ was
assigned [6].
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Comparative ratings
To put the results of the 35 studies on the reproducibility, validity, and
feasibility of the nine motion sensors in perspective, all studies were rated
using a 20-item checklist, that is, 14 items concerning the quality of the
studies, and 6 items concerning the outcomes of the studies. Each qualityrelated item was scored 0, 0.5, or 1 point. Adequate outcome measures
were rated as poor (-), moderate (±), or good (+). In general, the quality of
the studies, and therefore, the level of evidence for the reported outcomes,
was modest (mean = 6.4 ± 1.6 points, range = 3-10). Three of the 35
studies were of poor quality (< 4.5 points) [29,39,56] and two studies were
of good quality (≥ 9 points) [46].
The outcomes of the 35 studies were then weighted for their quality and
summarized per motion sensor and per age group (Table 5). Studies of poor
quality (< 4.5 points) provide less evidence for the reported outcomes than
studies of good quality (≥ 9 points). For example, the “high-quality” study
of Treuth et al. [46] provided strong evidence for a poor intra-instrument
reliability (ICC 4d = 0.08) of the Digi-Walker, whereas the “low-quality” study
of Welk et al. [56] provided limited evidence for a good criterion validity (r =
0.70; r = 0.77) of the Tritrac-R3D. The CSA/ActiGraph and the Caltrac were
the only motion sensors in which reproducibility and validity were examined
in several age groups. There was strong evidence for a good reproducibility
of the Caltrac in adolescents (12-18 year), a poor reproducibility of the
Digi-Walker in children (8-12 year), a good validity of the CSA/ActiGraph in
children and adolescents (8-18 year), and a good validity of the Tritrac-R3D
in children (8-12 year). There are currently no data on the reproducibility of
three-dimensional accelerometers in assessing physical activity in healthy
children or adolescents. It is further shown that none of the studies involved
preschool children (2-4 year).

DISCUSSION
This study reviewed published evidence on the reproducibility, validity,
and feasibility of motion sensors that are used to assess physical activity
in children and adolescents. Nine motion sensors were evaluated and
compared on their clinimetric properties.
Although there are several pedometers commercially available, only two
pedometers were evaluated in children or adolescents. At present, the DigiWalker seems the most appropriate pedometer, although its reproducibility
needs further investigation. A disadvantage of pedometers is their lack of
storage capacity. They only provide a total activity or energy expenditure
score over the entire period of recording, and do not provide information
about the frequency, intensity, and duration of physical activities. Although
pedometers have some limitations when used as assessment method,
the immediate feedback displayed on the screen makes them useful as
behavior modification tools. Furthermore, pedometers are often cheaper
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than accelerometers, and require no additional software or expertise to
access or interpret the data [36].
Seven accelerometers were reviewed: four one-dimensional and three
three-dimensional accelerometers. The CSA/ActiGraph and the Caltrac
were the only motion sensors in which the intra- and inter-instrument
reliability, criterion validity, construct validity, and feasibility were
examined in children and adolescents (CSA/ActiGraph: 3-18 year, Caltrac:
2-16 year). At present, the CSA/ActiGraph seems the most appropriate
one-dimensional accelerometer to assess physical activity in healthy
children and adolescents. There is extensive evidence that the CSA/
ActiGraph has a good reproducibility, validity, and feasibility in children
and adolescents (reproducibility: 4-18 year; validity: 3-18 year). Threedimensional accelerometers were developed under the assumption that
“more is better”. Although this assumption has strong intuitive appeal, field
studies do not support this assumption [10,54]. Despite a large difference
in cost and technological sophistication, three-dimensional accelerometers
seem to have the same advantages and disadvantages as pedometers and
one-dimensional accelerometers.
There are still a number of pedometers and accelerometers of which the
clinimetric properties in certain age groups are unknown. For example,
evidence for the reproducibility of three-dimensional accelerometers in
assessing physical activity in children and adolescents is missing, and
nothing is known about the reproducibility of motion sensors in preschool
children (2-4 year). As early infancy is a critical period in the development
of overweight and obesity, more information on the reproducibility,
validity, and feasibility of motion sensors in this age group is needed [12].
In youth, clinimetric properties obtained for a certain age group cannot
be generalized to other age groups, because of the differences in their
physical activity pattern.
Because the technology of motion sensors is still improving, we can expect
models to continue to change. Researchers and practitioners are strongly
encouraged to regularly assess and report the clinimetric properties of
the devices they use, although not without improving the quality of the
reported information. All authors should provide complete information
on the sample, the test protocol, the measurements, and the statistical
analyses, and use appropriate outcome measures. Future work aimed at
refining accelerometer-based predictions of EE and AEE in children and
adolescents is warranted [13]. It is also important to identify and quantify
the different sources of variation for each motion sensor, in order to reduce
them [51]. Another issue that should be investigated further is the feasibility
of motion sensors in children and adolescents. The study of Crocker et
al. [10] proved that motion sensors are not as unobtrusive as commonly
believed. Few children reported wearing the Tritrac-R3D during all possible
physical activity periods. This raises questions about the feasibility of other
motion sensors.
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This study is the only clinimetric review of motion sensors to take the quality
of the included studies into account. To date, there are no standardized
criteria to evaluate and compare the quality of clinimetric studies and
their outcomes. The criteria we used may be disputed. However, it was
not our intention to develop a standardized evaluation checklist, but to
provide information on the clinimetric quality of different motion sensors
in a standardized manner. The study was hampered by the use of various
samples (e.g., different age groups, boys/girls, obese/non-obese), test
protocols, reference methods, and outcome measures. Although this
diversity helps building the evidence for the clinimetric properties of motion
sensors, it complicates comparison between studies and between motion
sensors.
The choice of an appropriate motion sensor depends on the study purpose
(e.g., intervention vs. assessment) and the sample. Other considerations
include the site of placement, time-sampling interval, number of monitoring
days [25,48], instruction, blinding, outcome measures (i.e., raw data vs.
classified data), and count cutoffs for low, moderate, and vigorous intensity
[51].
From this study it can be concluded that:
• The CSA/ActiGraph is the most studied motion sensor in
children and adolescents. There is extensive evidence for a good
reproducibility, validity, and feasibility of the CSA/ActiGraph in
healthy children and adolescents (reproducibility: 4-18 year;
validity: 3-18 year).
• There is no information on the reproducibility of motion sensors in
preschool children (2-4 year).
• There is no information on the reproducibility of three-dimensional
accelerometers.
• The quality of clinimetric studies is modest and should be
improved.
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Appendix. Evaluation checklist for studies on clinimetric properties of
motion sensors.
S1

S2

Sample characteristics (n, sex, age, weight, height, BMI/% body fat/
sum of skin folds, health status)
 ≥ 6 sample characteristics are described (at least: n, sex, age,
weight, and height) (1)
 4-5 sample characteristics are described (0.5)
 ≤ 3 sample characteristics are described (0)
Protocol
 Information on setting, activities, duration (days or hours), and

period of wearing the motion sensor (1)
 Information on period of wearing the motion sensor is missing

(0.5)
 Not clear at all (0)

S3

Measurements
 Complete information on motion sensor (type, output, epoch,

placement) and reference method(s) (type, output) (1)
information on motion sensor (type, output, epoch,
placement) and reference method(s) (type, output) is missing
(0.5)
 Very limited information on motion sensor (type, output, epoch,
placement) and reference method(s) (type, output) (0)
 Some

S4

Statistical analyses
 Complete information on statistical analyses (tests, subgroup

analysis), statistical software package and p-value (1)
 Some information on statistical analyses (tests, subgroup analysis),

statistical software package and p-value (0.5)
 Very limited information on statistical analyses (tests, subgroup

analysis), statistical software package and p-value (0)
R1

Is intra-instrument reliability reported?
 Yes (1)
 No (0)

R2

Adequate measure of intra-instrument reliability?
Intraclass correlation coefficients (1)
95% limits of agreement (Bland and Altman) (1)
Pearson’s product-moment correlation coefficient (0)
Spearman’s rank correlation coefficient (0)
Kendall’s tau (0)
Other measure (0)
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R3

R4

Acceptable level of intra-instrument reliability?
 ICC ≥ 0.70 (+)
 ICC = 0.40-0.70 (±)
 ICC < 0.40 (-)
Is inter-instrument reliability reported?
 Yes (1)
 No (0)

R5

Adequate measure of inter-instrument reliability?
 Intraclass correlation coefficients (1)









R6

95% limits of agreement (Bland and Altman) (1)
Cohen’s kappa (1)
Standard error of measurement (1)
Coefficient of variation (1)
Pearson’s product-moment correlation coefficient (0)
Spearman’s rank correlation coefficient (0)
Kendall’s tau (0)
Other measure (0)

Acceptable level of inter-instrument reliability?
 ICC ≥ 0.70 (+)
 ICC = 0.40-0.70 (±)
 ICC < 0.40 (-)

V1

Is “criterion” validity reported?
 Yes (1)
 No (0)

V2

Adequate measure of criterion validity?
Sensitivity (1)
Specificity (1)
Pearson’s product-moment correlation coefficient (1)
Spearman’s rank order correlation coefficient (1)
95% limits of agreement (Bland and Altman) (0.5)
Other measure (0)








V3

Acceptable level of criterion validity?
 r ≥ 0.75 (+)
 r = 0.50-0.75 (±)
 r < 0.50 (-)

V4

Is construct validity reported?					
 Yes (1)
 No (0)

61

KvL-L.09-03.981B5.indd 61

14-10-2009 13:41:55

Chapter 3

V5

V6

Adequate measure of construct validity?
 Pearson’s product-moment correlation coefficient (1)
 Spearman’s rank correlation coefficient (1)
 t-test (1)
 Mann-Whitney U-test (1)
 Chi-square test (1)
 95% limits of agreement (Bland and Altman) (0.5)
 Other measure (0)
Acceptable level of construct validity?
 r ≥ 0.60 (+)
 r = 0.30-0.60 (±)
 r < 0.30 (-)

F1

F2

Is the amount of missing/ lost data due to (malfunctioning of) the
motion sensor reported?
 Yes (1)
 No (0)
Acceptable amount of missing/ lost data?
 ≤ 15% (+)
 > 15% (-)

F3

F4

Is the refusal rate of, or the compliance rate with wearing the motion
sensor reported?
 Yes (1)
 No (0)
Acceptable refusal rate?
 < 15% (+)
 15-30% (±)
 ≥ 30% (-)
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ABSTRACT
Purpose: To review recently published studies on the reproducibility,
validity, and feasibility of motion sensors used to assess physical activity in
healthy children and adolescents (2-18 year).
Methods: On October 2004, a systematic literature search in PubMed,
EMBASE, and PsycINFO was performed. This search has been updated on
October 2007. In this update, the clinimetric quality of three pedometers
(Digi-Walker, Walk4Life, and Sun TrekLINQ) and nine accelerometers
(ActiGraph, BioTrainer, StepWatch Activity Monitor, Actiwatch, Actical,
Tritrac-R3D, RT3, ActivTracer, and Mini-Motionlogger) has been evaluated
and compared using a checklist.
Results: Thirty-two recently published clinimetric studies have been
reviewed. All 12 motion sensors have been validated in youth in one or more
studies. There is strong evidence for moderate validity of the StepWatch
in children and adolescents (4-18 year) and moderate to good validity of
the ActiGraph in preschool children and young children (2-8 year). There
is less evidence for the reproducibility and feasibility of the 12 motion
sensors. Strong evidence exists for good reproducibility of the ActiGraph in
preschool children (2-4 year).
Conclusion: Compared to the review performed in 2004, there is increased
evidence for the clinimetric quality of pedometers and accelerometers
in youth. Most motion sensors seem reproducible, valid, and feasible in
assessing physical activity in youth.
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INTRODUCTION
Accurate assessment of physical activity is necessary to determine
children’s physical activity level, to improve our understanding of the doseresponse relationship between physical activity and health, and to evaluate
intervention programs designed to increase physical activity. Physical
activity has traditionally been measured with self-reports. Self-reports are
easily administered, low-cost measurements. However, they do not capture
the sporadic short-burst nature of children’s physical activity very well [2].
Self-reports tend to overestimate time spent in vigorous physical activities
and to underestimate time spent in unstructured daily physical activities
[1]. At present, motion sensors are being used with increasing regularity
to assess physical activity. Motion sensors are lightweight, unobtrusive,
and relatively inexpensive compared to other objective methods, such as
indirect calorimetry or doubly labeled water (DLW). In the past decades,
motion sensors have evolved from simple mechanical devices to three-axial
accelerometers that can be used to assess physical activity or to estimate
energy expenditure (EE).
As motion sensor-based research has evolved, researchers have validated
and calibrated them in diverse populations, including youth. In 2005,
Freedson et al. [11] reviewed the validity of the ActiGraph, Actiwatch, Actical,
and RT3 accelerometers against oxygen consumption or EE in children.
They concluded that none of the four accelerometers could be pointed
out as superior to the other ones. Furthermore, there was no evidence
to suggest that three-axial or omnidirectional accelerometers were better
than uniaxial accelerometers in capturing children’s physical activity.
Similar conclusions can be drawn from the reviews of Trost et al. [44] and
Rowlands [33]. However, all three reviews focused on accelerometers. They
did not include pedometers. Pedometers may be a cheap alternative to
accelerometers for the objective assessment of children’s physical activity.
Furthermore, the three reviews did not take the quality of the studies into
account. The reproducibility and validity of a motion sensor may depend
on the sample and the setting in which the motion sensor is tested [38]. In
2004, De Vries et al. [9] reviewed 35 studies on the reproducibility, validity,
and feasibility of two pedometers (Digi-Walker and Pedoboy) and seven
accelerometers (LSI, Caltrac, ActiGraph, Actiwatch, Tritrac-R3D, RT3, and
Tracmor2) in youth (2-18 year). The outcomes of the studies were weighted
for their quality using a checklist. It was concluded that there was strong
evidence for good reproducibility of the Caltrac in adolescents (12-18 year),
poor reproducibility of the Digi-Walker in children (8-12 year), good validity
of the ActiGraph in children and adolescents (8-18 year), and good validity
of the Tritrac-R3D in children (8-12 year). In 2004, several pedometers and
accelerometers of which the clinimetric properties in certain age groups
were unknown were still there. For example, evidence for the reproducibility
of three-axial accelerometers in assessing physical activity in youth was
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missing, and there was no information about the reproducibility of motion
sensors in preschool children (2-4 year).
Meanwhile, as the number of studies in this area has increased dramatically
in the last few years, the remaining questions might have been addressed.
Furthermore, the technology of existing motion sensors has advanced
(e.g., improved battery life, increased memory size, USB connection,
waterproof case, smaller size, improved software packages to analyze the
data) and new motion sensors have been developed. Therefore, this review
will provide an update of the published evidence for the reproducibility,
validity, and feasibility of pedometers and accelerometers used to assess
physical activity in youth. Important methodological issues are discussed,
and priorities for future research are identified.

METHODS
Literature search
In October 2007, relevant English articles were searched in PubMed
(Medline), EMBASE and PsycINFO using similar MeSH terms and text words
as in the previous review in October 2004 [9]. Table 1 presents the search
strategy (including the number of total hits per database). Studies (written
as full reports) were included in the review if: 1.) their main purpose
was the clinimetric evaluation of a motion sensor for assessing physical
activity in healthy children and adolescents (2–18 year); and 2.) they were
published between October 2004 and October 2007. Because there is a
certain time delay between publication of a study and its recording in a
bibliographic database, all studies that were published between January
2004 and October 2004, and were not described in the previous review
[9] were also included. References of retrieved articles were screened for
additional relevant studies.
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Table 1. Literature search.
Database

Search strategy

PubMed (n = 67)

(((pedometer or pedometers) or (accelerometer or accelerometers) or
(motion sensor or motion sensors) or (activity monitor or activity monitors)) and (“reproducibility of results” [MeSH]) and ((“child” [MeSH]) or
(“child, preschool” [MeSH]) or (“adolescent” [MeSH]))) or (physical activity) and (motion sensor or activity monitor or accelerometer or pedometer) and (youth or children or adolescent) and (validity or reliability))

PsycINFO (n = 42)

((adolescence 13 17 yrs.ag) or (school-age 6 12 yrs.ag) or (childhood
birth 12 yrs.ag) and ((accelerometer.mp) or (pedometer.mp))

EMBASE (n = 76)

pedometer.mp. or accelerometer.mp. or motion sensor.mp. or activity
monitor.mp. and child/

n = number of hits.

Clinimetric evaluation
All studies were evaluated independently by two authors (SdV, HvH) using
a 20-item checklist. The checklist has been described in more detail in the
previous review in 2004 [9]. It contained four items on study design, six
items on reproducibility, six items on validity, and four items on feasibility of
the motion sensor under study (see also Appendix) [9]. A clear description
of the study design includes characteristics of the sample, measurements,
protocol, and statistical analyses. All quality-related items were scored 0,
0.5, or 1 point, and summed per study (see Appendix). Reproducibility of a
motion sensor concerns two concepts: intrainstrument reliability (i.e., testretest reliability) and interinstrument reliability (e.g., between a motion
sensor worn on the left and the right hip). To determine whether a motion
sensor measures what it is intended to measure requires evidence of
criterion validity or construct validity. Criterion validity is the most powerful
type of validity and requires testing of a motion sensor against the criterion
standard. Direct observation and DLW are considered criterion standards
for assessing physical activity and EE, respectively. Construct validity is
defined as the extent to which measurements made with the motion sensor
under study are associated with those made with other methods that
are used to measure the same or similar aspects. Feasibility of a motion
sensor is defined as the costs (including software), required expertise,
and acceptability of the device. Indicators of acceptability are the level
of comfort, tolerance, refusal, and the amount of missing or lost data due
to malfunctioning of the motion sensor. Adequate outcome measures of
reproducibility, validity, and feasibility were rated as poor (-), moderate
(±), or good (+) (see Appendix). Calculation of the intraclass correlation
coefficient (ICC) was considered an adequate method to quantify intraor interinstrument reliability. An ICC ≥ 0.70 was considered to reflect
good reproducibility. Criterion validity was rated as good if the correlation
coefficient was 0.75 or higher and construct validity was rated as good if
the correlation coefficient was 0.60 or higher [9]. The two authors agreed
on all ratings. Ideally, a motion sensor is reproducible, valid, sensitive,
feasible, and cheap.
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RESULTS
The literature search identified 185 articles, of which 21 were selected.
Reference tracking resulted in 11 additional articles. Thus, this review
included 32 articles published between January 2004 and October 2007.
The articles describe the clinimetric properties of 12 motion sensors: three
pedometers (Digi-Walker, Walk4Life, and Sun TrekLINQ), one uniaxial
accelerometer (ActiGraph), two two-axial accelerometers (BioTrainer
and StepWatch Activity Monitor), two omnidirectional accelerometers
(Actiwatch and Actical), and four three-axial accelerometers (TritracR3D, RT3, ActivTracer, and Mini-Motionlogger). The general characteristics
of these motion sensors are presented in Table 2 and summarized below
followed by an evaluation and comparison of their clinimetric properties.
General characteristics
Pedometers
Three pedometers were reviewed: the Digi-Walker (SW-serie) (Yamax Co.,
Yasama Corp., Tokyo, Japan), Walk4Life (Plainfield, IL), and Sun TrekLINQ
(Arvada, CO). In general, pedometers measure the total number of
steps during the entire assessment period. They use a horizontal springsuspended lever arm that moves up and down in response to vertical
displacement of the hip. With each deflection detected, an accumulated
step count is displayed digitally on a screen. Most pedometers cannot store
data and do not provide information about a child’s physical activity pattern
in terms of frequency, intensity, duration, and type of activities at a certain
point in time. The three pedometers presented in Table 2 range in price
between $17 and $25.
Accelerometers
In contrast to pedometers, accelerometers are more complex electronic
devices that measure accelerations produced by a body segment. With
each movement, body segments accelerate and decelerate. Electric
transducers and microprocessors convert the accelerations into a digital
signal. Most accelerometers use a horizontal cantilever beam with a
weight on the end that compresses a piezoelectric crystal when subjected
to movement. Each movement generates a voltage proportional to the
acceleration. Accelerometers can store data during a specified period.
Recent improvements in battery life and memory size have increased data
storage capacities. Nowadays, there are accelerometers that can measure
up to 356 days at 1-minute epochs. Most accelerometers record activity
counts, time of day, and EE. In this review, nine accelerometers were
evaluated (Table 2). Prices range between $300 and $4700.
The ActiGraph (ActiGraph, Pensicola, FL), formerly known as the CSA, MTI
or WAM activity monitor, is the only uniaxial accelerometer. It measures
acceleration in the vertical plane. At present, this is the most widely used
motion sensor for physical activity research.
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step counts, distance, EE

pedometer

pedometer

pedometer

1-D
accelerometer

2-D
accelerometer

2-D
accelerometer

omnidirectional
accelerometer

omnidirectional
accelerometer

3-D
accelerometer

3-D
accelerometer

3-D
accelerometer

3-D
accelerometer

Digi-Walker
SW 200/701

Walk4Life 2505

Sun TrekLINQ

ActiGraph
GT1M

Biotrainer

StepWatch

Actical

Actiwatch
AW-16

Tritrac-R3D

RT3

ActivTracer

MML

22 days

?

21 days

14 days

11 days

45 days

41 days

22 days

356 days

no

no

no

Data
storage

wrist, waist

waist

waist

waist

wrist, waist, ankle

wrist, waist, ankle

ankle

waist

wrist, waist, ankle

waist

waist

waist

Placement

EE = EE; ? = no information available; - = not commercially available (anymore); MML = Mini-Motionlogger.

activity counts, event marker

activity counts

activity counts, vector magnitude, EE

activity counts, vector magnitude, EE

activity counts

step counts, EE

step counts, step rate

activity counts, EE

steps counts, activity counts, EE

step counts, distance, EE, digital
clock, activity time, speed

step counts, activity time

Outcome measure(s)

Motion sensor Type

Table 2. General characteristics of 12 motion sensors.

16

17

65

55

27

26

?

21

Weight
(g)

-

7.0 x 5.0 x 1.5

7.1 x 5.6 x 2.8

25.5

57

65.2

10.8 x 6.8 x 3.3 170.4

2.8 x 2.7 x 1.0

2.8 x 2.7 x 1.0

6.5 x 5.0 x 1.5

7.6 x 5.1 x 1.9

3.8 x 3.7 x 1.8

5.2 x 4.2 x 1.9

?

5.0 x 3.8 x 1.4

Seize
(cm)

2,390

?

500

-

4,700

1,683

1,995

497

699

21

21

17-25

Cost
(US $)
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The BioTrainer (IM Systems, Baltimore, MD) and StepWatch Activity Monitor
(CymaTech, Mountlake Terrace, WA) are two-axial accelerometers. The
BioTrainer contains one accelerometer that is positioned at an angle of 45º.
It measures acceleration in both the vertical and the horizontal plane [12].
The StepWatch uses a two-plane sensor [5] and is worn on the ankle.
The Actiwatch (Mini Mitter Co., Inc., Bend, OR) and Actical (Mini Mitter Co.,
Inc., Bend, OR) are omnidirectional accelerometers. These accelerometers
are most sensitive in the vertical plane but are also sensitive to movement
in other directions. The output is a composite of the different signals.
The Tritrac-R3D (Hemokinetics, Inc./Professional Products, Division of
Reining International Ltd., Madison, WI), RT3 (Stayhealthy, Inc., Monrovia,
CA), ActivTracer (GMS, Tokyo, Japan), and Mini-Motionlogger (Ambulatory
Monitoring Inc., Ardsley, NY) are three-axial accelerometers. They measure
acceleration in three planes (anterior-posterior, vertical, and mediolateral)
and provide information about activity counts for each of the three
dimensions, a three-axial vector representation of these counts (vector
magnitude), and EE. Stayhealthy Inc. has purchased the technology and
rights of the Tritrac-R3D and repackaged it into a smaller device called
the RT3. The Tritrac-R3D and RT3 differ in the number of accelerometers
incorporated. The Tritrac-R3D uses three uniaxial accelerometers
placed side-to-side, whereas the RT3 uses one integrated three-axial
accelerometer.
Reproducibility
Of the 32 selected studies, seven examined the intrainstrument reliability
and seven examined the interinstrument reliability of the motion sensors.
Important outcomes are discussed per type of motion sensor (Table 3).
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Table 3. Reproducibility of motion sensors in 11 studies.
Motion sensor

Sample

Reproducibility

Study

Digi-Walker

n = 71; 7-10 yr

ICCl-r = 0.96

3

n = 20; 5-11 yr

ICCl-r = 0.92 (SW-200)
ICCl-r = 0.93 (SW-701)

4

n = 78; 11-15 yr

ICC2x = 0.51**-0.92**
ICCl-m-r = 0.73**-0.80**

16

n = 210; 10-14 yr
n = 288; 10-14 yr

ICC2d = 0.69; ICC6d = 0.79
ICC2d = 0.72; ICC6d = 0.83

32

n = 367; 10, 12, 14 yr

α2d = 0.73; α5d = 0.82

39

Walk4Life

n = 20; 5-11 yr

ICCl-r = 0.92

4

Sun TrekLINQ

n = 20; 5-11 yr

ICCl-r = 0.84

4

ActiGraph

n = 16; 6-10 yr

ICCl-r = 0.77; ICCl-r = 0.86

12

n = 16; 3-5 yr

ICCl-r = 0.84

37

n = 74; 13.4-15.4 yr

rl-r = 1.0

42

n = 40; 13-15 yr

ICC1d = 0.49; ICC8d = 0.90

13

n = 315; 11-12 yr

ICC1yr = 0.54; CV = 22%

20

n = 192; 5-6 yr

rp 5d = 0.31-0.51

41

BioTrainer

n = 16; 6-10 yr

ICCl-r = 0.64; ICCl-r = 0.69

12

MML

n = 16; 6-10 yr

ICCl-r = 0.98; ICCl-r = 0.98

12

MML = Mini-Motionlogger; ICC = intraclass correlation coefficient; rp = Pearson’s product-moment correlation
coefficient; l-r = left versus right hip; d = day; yr = year; CV = coefficient of variation; ** = p ≤ 0.01.

Pedometers
Three studies examined the intrainstrument reliability and three the
interinstrument reliability of the Digi-Walker. As can be seen in Table 3, the
intrainstrument reliability of the Digi-Walker was high in all three studies
[16,32,39]. It increased with an increasing number of monitoring days:
ICCs ranged from 0.69 for two days to 0.83 for six days of monitoring
[32,39]. Jago et al. [16] showed that the number of pedometer counts
during two occasions of walking, fast walking, and running revealed no
significant differences. ICCs ranged from 0.51 to 0.92 across all activities;
however, the correlations were weaker for running (ICC = 0.51-0.77) than
for walking (ICC = 0.75-0.89) and fast walking (ICC = 0.61-0.92). The
interinstrument reliability of the Digi-Walker was also high [3,4,16]. ICCs
ranged between 0.73 and 0.96 for Digi-Walkers placed on the left hip, right
hip, and center of the waist [3,4,16]. Comparable results were found for the
interinstrument reliability of the Walk4Life and Sun TrekLINQ pedometers.
Correlation between left and right hip counts was ICC = 0.92 and
ICC = 0.84 respectively [4].
Accelerometers
The intrainstrument reliability has only been studied for one accelerometer,
i.e., the ActiGraph (Table 3). In common with the Digi-Walker, the
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intrainstrument reliability of the ActiGraph increased with an increasing
number of monitoring days. ICCs ranged from 0.49 for one day to 0.90
for eight days of monitoring [13,20]. Mattocks et al. [20] examined the
seasonal and intra-individual variation of ActiGraph counts among 11- to
12-year-old children. The children wore an ActiGraph for seven days four
times throughout the course of a year. Overall, ICC was moderate (ICC
= 0.54). After adjustment for month of measurement, it increased from
0.49 to 0.53, indicating a small effect of month. The children tended to
be less active in winter months. Toschke et al. [41] found low to moderate
intrainstrument reliability of the ActiGraph among 3- to 5-year-old children
(r = 0.31-0.51).
Garcia et al. [12] investigated the interinstrument reliability of the
BioTrainer, ActiGraph, and Mini-Motionlogger among 6- to 10-year-old
children. The children wore two of each type of motion sensor on the hips
during walking, running, and jumping on a force plate, and during walking,
jogging, and running on a treadmill. The interinstrument reliability of the
BioTrainer was moderate (ICC = 0.64; ICC = 0.69). Correlations between
left and right hip counts were much higher for the Mini-Motionlogger
(ICC = 0.98) [12] and ActiGraph (ICC = 0.77-1.0) [12,37,42].
None of the recently published studies reported on the reproducibility of
the StepWatch, Actiwatch, Actical, Tritrac-R3D, RT3, and ActivTracer in
youth. However, the reproducibility of the ActiWatch and Tritrac-R3D has
been described in earlier studies included in the review in 2004 [9].
Validity
All 12 motion sensors have been validated in youth in one or more studies.
The criterion validity was examined in 12 studies and the construct validity
in 23. The results of these studies are summarized per type of motion
sensor (Table 4).
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Table 4. Validity of motion sensors in 28 studies.
Motion
sensor

Sample

Reference
method

Validity

Study

Digi-Walker

n = 20; 5-11 yr

direct
observation

ICC = 0.82 (SW-200)
ICC = 0.83 (SW-701)

4

n = 23; 5.55 ± 0.29 yr

direct
observation

rp = 0.90**

14

n = 30; 3-4 yr

direct
observation

r = 0.86**

22

n = 13; 3.0-4.8 yr

direct
observation

rsp = 0.59*

25

n = 12; 7-10 yr

DLW
Tritrac-R3D

r = 0.67*
r = 0.88**

30

n = 26; 8.3-10.8 yr

Tritrac-R3D

r = 0.90**

34

n = 76; 4-5.9 yr

ActiGraph

r = 0.73**

7

n = 78; 11-15 yr

ActiGraph

r = 0.60**

16

**

8

n = 92; 6.5-12.7 yr

diary

r = 0.39

n = 367; 10, 12, 14 yr

diary
questionnaire

rp = 0.28**
rp = 0.04-0.25**

39

Walk4Life

n = 20; 5-11 yr

direct
observation

ICC = 0.83

4

Sun TrekLINQ

n = 20; 5-11 yr

direct
observation

ICC = 0.64

4

ActiGraph

n = 104; 2.6-6.9 yr

DLW

rp = 0.22-*0.33*

24

n = 85; 3-6 yr

DLW

mean difference = 0.3 MJ/d

31

**

14

n = 23; 5.55 ± 0.29 yr

direct
observation

rp = 0.77

n = 269; 3-5 yr
n = 16; 3-5 yr

direct
observation

rp = 0.58**

37

n = 78; 3-4 yr

direct
observation
Actiwatch

rsp = 0.72**

17

rsp = 0.36**

n = 16; 6-10 yr

BioTrainer
Mini-Logger
indirect
calorimetry
force

r = 0.65 - 0.74/ 0.57 – 0.70
r = 0.86 – 0.92/ 0.66 – 0.75
r = 0.83

n = 29; 3-5 yr

indirect
calorimetry

rp = 0.82/ rsp = 0.66

26

n = 74; 13-14 yr

indirect
calorimetry

MCCC = 0.85

35

n = 74; 13.4-15.4 yr

indirect
calorimetry

MCCC = 0.84

42

n = 45; 10-18 yr

indirect
calorimetry

Trost: 84%
Freedson: 76%
Puyau: 71%

46

12

r = 0.51

MML = Mini-Motionlogger; DLW = doubly labeled water; rp = Pearson’s product-moment correlation coefficient; rsp
= Spearman’s rank order correlation coefficient ; ICC = intraclass correlation coefficient ; MCCC = model concordance correlation coefficient;* = p ≤ 0.05; ** = p ≤ 0.01.
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Table 4. Validity of motion sensors in 28 studies.
Motion
sensor

Sample

Reference
method

Validity

Study

BioTrainer

n = 16; 6-10 yr

ActiGraph
Mini-Logger
indirect
calorimetry
force

r = 0.65 - 0.74/ 0.57 – 0.70
r = 0.56 – 0.69/ 0.58 – 0.68
r = 0.60

12

r = 0.52
21

StepWatch

n= 22; 6-20 yr
n = 68; 6-20 yr

direct
observation
HR monitor

~100%

Actiwatch

n = 29; 4-6 yr

DLW

rp = 0.27 (ns)

18

n = 78; 3-4 yr

direct
observation
ActiGraph

rsp = 0.16 (ns)

17

n = 32; 7-18 yr

Actical
indirect
calorimetry:
EE
AEE
PAR
HR monitor

rp = 0.49

rsp = 0.36*
rp = 0.93**
rp
rp
rp
rp

=
=
=
=

29

0.79
0.82
0.85
0.63

n = 24; 8-16 yr

indirect
calorimetry

R2 = 0.45-0.75**

15

n = 18; 3-5 yr

indirect
calorimetry

rp = 0.89

27

n = 32; 7-18 yr

indirect
calorimetry:
EE
AEE
PAR
HR monitor
Actiwatch

rp
rp
rp
rp
rp

n = 12; 7-10 yr

DLW
Digi-Walker

r = 0.81**/ 0.85**
r = 0.88**

30

n = 308; 8-18 yr

indirect
calorimetry

r = 0.73

23

RT3

n = 125; 6-9 yr

direct
observation

rp = 0.77**-0.78**

36

ActivTracer

n = 27; 5-6 yr

indirect
calorimetry

rp = 0.86-0.93

40

MML

n = 16; 6-10 yr

indirect
calorimetry
BioTrainer
ActiGraph
force

r = 0.81

12

Actical

Tritrac-R3D

29
=
=
=
=
=

0.83
0.85
0.87
0.60
0.93**

r = 0.56 - 0.69/ 0.58 – 0.68
r = 0.86 – 0.92/ 0.66 – 0.75
r = 0.46

MML = Mini-Motionlogger; DLW = doubly labeled water; rp = Pearson’s product-moment correlation coefficient;
rsp = Spearman’s rank order correlation coefficient ; ICC = intraclass correlation coefficient ; MCCC = model concordance correlation coefficient;* = p ≤ 0.05; ** = p ≤ 0.01.
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Pedometers
The validity of the Digi-Walker has been examined in 10 studies (Table 4).
Five studies reported the criterion validity and six reported the construct
validity. A high correlation was found between Digi-Walker step counts
and activity EE (AEE) derived from DLW (r = 0.67) [30]. Correlation
between observed steps and Digi-Walker step counts was moderate to high
(r = 0.59-0.90) in laboratory and field studies among 3- to 11-year-old
children [4,14,22,25]. Agreement between observed steps and Walk4Life
step counts was also high (ICC = 0.83) [4]. This was somewhat lower
(ICC = 0.64) for the Sun TrekLINQ pedometer [4]. Digi-Walker step counts
were highly correlated with uniaxial and three-axial accelerometer counts
(r = 0.60-0.90) [7,16,30,34]. Correlation with self-report measures of
physical activity was low to moderate (r = 0.04-0.39) [8,39].
Accelerometers
The validity of the ActiGraph has been examined in 10 studies involving
children of all age groups (2-18 year) (Table 4). It has been validated
by direct observation [14,17,37], DLW [24,31], indirect calorimetry
[12,26,35,42,46], other accelerometers [12,17], and ground reaction
force [12] as reference methods. Results on the criterion validity of the
ActiGraph are contradictory. Correlation between ActiGraph counts and
observed activity was moderate to high (r = 0.58-0.77) [14,17,37]. On the
other hand, ActiGraph outcomes were poorly correlated (r = 0.22-0.33)
with EE derived from DLW in young children (3-7 year) [24]. In another
study using DLW, it was concluded that the ActiGraph cannot be used to
estimate EE in young children (3-6 year) [31]. A similar conclusion can
be drawn from the study of Trost et al. [46] in which three ActiGraph EE
equations were evaluated against indirect calorimetry in 10- to 18-yearold children. There was more agreement on the construct validity of the
ActiGraph. All correlations were moderate to high. Garcia et al. [12] found
a moderate correlation (r = 0.51) between ActiGraph counts and vertical
ground reaction force during four ambulatory and jumping tasks on a
force plate. Correlations ranged from r = 0.66 to r = 0.85 using indirect
calorimetry as reference method [12,26,35,42,46] and from r = 0.36 to
r = 0.92 using multiaxial accelerometers [12,17].
The validity of the BioTrainer was examined in one study [12]. The outcomes
of the BioTrainer were moderately to highly correlated (r = 0.52-0.74) with
oxygen consumption, ground reaction force, ActiGraph outcomes, and MiniMotionlogger outcomes in school-age children. The StepWatch has been
validated in a sample of 6- to 20-year-old children [21]. During a 10-minute
walk, this motion sensor had an agreement of almost 100% with observed
steps. The StepWatch correlated moderately (r = 0.49) with heart rate in a
field setting [21].
Three studies investigated the validity of the Actiwatch. These studies
showed mixed results. In a field study among 4- to 6-year-old children,
Actiwatch activity counts were poorly correlated (r = 0.27) with total EE
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assessed with DLW [18]. Correlations with EE were much higher (r = 0.790.85) in a study among 7- to 18-year olds in a respiratory room calorimeter
[29]. Actiwatch activity counts were also highly correlated with heart rate
(r = 0.63) and Actical counts (r = 0.93) in this study [29]. The correlation
with ActiGraph counts was much lower (r = 0.36) in preschool children
[17]. The Actiwatch was also poorly correlated (r = 0.16) with direct
observation of physical activity in this study [17]. The validity of the Actical
has also been investigated in three studies. Puyau et al. [29] found a high
correlation between Actical counts and EE (r = 0.83-0.87), and heart rate
(r = 0.60) among children and adolescents (7-18 year). Similar conclusions
can be drawn from the study of Pfeiffer et al. [27] in preschool children.
They found a high correlation (r = 0.89) between Actical counts and oxygen
consumption. Heil [15] concluded that the Actical can be used to predict
AEE for groups of children.
The validity of the Tritrac-R3D has been evaluated in two studies involving
children and adolescents (7-18 year). High correlations were found between
Tritrac-R3D outcomes and AEE derived from DLW (r = 0.81/0.85) [30].
Tritrac-R3D outcomes were also highly correlated with oxygen consumption
(r = 0.73) [23] and Digi-Walker step counts (r = 0.88) [30]. The validity
of the RT3 has been examined in a physical education lesson. There was
a high correlation (r = 0.77-0.78) between RT3 outcomes and observed
moderate to vigorous physical activity in school-age children [36]. In a
laboratory study among 5- to 6-year-old children, high correlations
(r = 0.86-0.93) were found between ActivTracer counts and EE for nine
activities [40]. Garcia et al. [12] examined the validity of the MiniMotionlogger. Mini-Motionlogger counts were moderately to highly
correlated (r = 0.46-0.92) with oxygen consumption, ground reaction force,
ActiGraph counts, and BioTrainer counts in school-age children [12].
Feasibility
About half (n = 17) of the selected studies reported on the feasibility of the
motion sensors in terms of the amount of missing or lost data or refusal
rate. With two exceptions [30,37], the percent of missing or lost data or
refusal rate was acceptable (< 15%) in all studies [7,8,12,13,17,18,20,
21,24,26,32,34,35,39,41]. Cardon & De Bourdeaudhuij [7,8] asked 4- to
5-year-old children and 6- to 12-year-old children how they felt about
wearing a pedometer and/ or accelerometer. In both age groups, more than
80% of the children found it very pleasant or pleasant to wear a pedometer
and/ or accelerometer. None of the children found it very unpleasant.
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Comparative ratings
To put the results of the 32 studies on the reproducibility, validity, and
feasibility of the 12 motion sensors in perspective, all studies were rated
using a 20-item checklist, i.e., 14 items concerning the quality of the study
design and 6 items concerning the outcomes of the studies [9]. All qualityrelated items were scored 0, 0.5, or 1 point, and were summed per study.
Adequate outcome measures of reproducibility, validity, and feasibility
were rated as poor (-), moderate (±), or good (+). In general, the quality of
the studies, and therefore, the level of evidence for the reported outcomes,
was modest (mean = 6.5 ± 1.4 out of 14 points, range = 4-9.5). One of the
32 studies was of poor quality (< 4.5 points) [14], and three studies were of
good quality (≥ 9 points) [17,21,37].
The outcomes of the 32 studies were weighted for their quality and
summarized per type of motion sensor for each age group (Table 5).
Studies of poor quality provide less evidence for the reported outcomes
than studies of good quality. For example, the “high-quality” study of
Sirard et al. [37] provided strong evidence for good interinstrument
reliability (ICC = 0.84) (+++) and moderate criterion validity (r = 0.58)
(±±±) of the ActiGraph, whereas the “low-quality” study of Hands et al.
[14] provided limited evidence for good criterion validity (r = 0.90) (+)
of the Digi-Walker. Table 5 shows that the ActiGraph is the only motion
sensor in which the reproducibility and validity have been examined in
all age groups (2-18 year). There is strong evidence for good intra- and
interinstrument reliability of the ActiGraph in preschool children (2-4
year), moderate criterion validity in preschool children (2-4 year) and
young children (4-8 year), and good construct validity in preschool children
(2-4 year). Furthermore, there is strong evidence for moderate construct
validity of the StepWatch in children and adolescents (4-18 year). There are
currently no (new) data on the reproducibility of the StepWatch, Actiwatch,
Actical, Tritrac-R3D, RT3, and ActivTracer in assessing physical activity in
healthy children or adolescents. It is further shown that there is not much
evidence for the reproducibility of motion sensors in preschool children
(2-4 year) and adolescents (12-18 year) and for the criterion validity of
motion sensors in adolescents (12-18 year).

DISCUSSION
This study reviewed 32 recently published studies on the reproducibility,
validity, and feasibility of three pedometers and nine accelerometers that
are used to assess physical activity in youth. Various reference methods
have been used to validate the 12 motion sensors, ranging from selfreports to DLW and direct observation. In general, motion sensors seem
to be a valid method to assess physical activity in youth. Care should
be taken when using motion sensors to predict EE, because significant
underestimation and overestimation of EE have been reported compared
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to DLW [18,24,31,46]. In the 32 studies, there was less evidence on the
reproducibility and feasibility of the 12 motion sensors, but most motion
sensors seem to be reliable and feasible in assessing physical activity
in youth. The Digi-Walker is the most studied pedometer in youth. The
ActiGraph is the most studied accelerometer. For both motion sensors,
there is extensive evidence for moderate to good reproducibility and
validity in almost all age groups (2-18 year).
Compared to our review in 2004 [9], there is considerably more information
on the reproducibility and validity of the Digi-Walker in youth. Evidence
for the clinimetric quality of the ActiGraph further increased since 2004.
Evidence for the reproducibility of multiaxial accelerometers is still limited
and not many studies have focused on the reproducibility of motion sensors
in preschool children (2-4 year) or adolescents (12-18 year) or on the
criterion validity of motion sensors in adolescents (12-18 year). In youth,
clinimetric properties obtained in a certain age group cannot be generalized
to other age groups, because of the differences in their physical activity
pattern and anthropometrics (e.g., leg length) [38]. Although there are still
several pedometers and accelerometers of which the clinimetric properties
in certain age groups are unknown, most motion sensors seem to work
reasonably well in youth. Our results are in line with previous reviews of
Bjornson and Belza [6], Freedson et al. [11], Trost et al. [44], and Rowlands
[33]. They concluded that although there is some evidence that certain
motion sensors perform better than others under certain conditions, the
reported differences are not consistent or sufficiently compelling to single
out one brand or type of motion sensor as being superior to the others.
The choice of an appropriate motion sensor therefore remains an issue of
cost per unit, monitor size, battery life, memory size, technical support,
software packages to download and analyze the data, and comparability
of findings with other studies. Low cost and ease of use are the primary
advantages of pedometers over accelerometers. However, they only
provide a total score of activity or EE during the entire assessment period
and do not provide information about children’s physical activity pattern.
Besides selection of a motion sensor, other considerations include the site
of placement of the motion sensor on the body, the sampling interval, the
number of monitoring days, instruction, and blinding. According to Trost
et al. [44] accelerometers are best placed on the hip or lower back. It is
recommended to use a short sampling interval (< 1 minute) to capture
children’s physical activity pattern [2,33,44]. At least a 7-day period
is required to reliably assess children’s habitual physical activity [45].
Rowlands emphasizes the need to assess both weekend days, because
in Western countries there are differences in children’s physical activity
pattern between Saturday and Sunday [33]. Compliance with the monitoring
protocol can be increased by reminder phone calls or text messages, flyers
on refrigerators, activity logs, lists of frequently asked questions, examples
of accelerometer output, and incentives [44].
Wearing a motion sensor day and night might also increase compliance
86

KvL-L.09-03.981B5.indd 86

14-10-2009 13:42:01

Update of review of motion sensors

[33]. Face-to-face distribution and collection of motion sensors is the best
option for field-based research, but delivery and return by mail has also
been successful (e.g., in the National Health and Nutrition Survey) [43].To
date, there is no standardized method for cleaning, analyzing, and reporting
accelerometer data. This hampers comparison between studies. Data
processing decisions, such as the definition of spurious data, the definition
of a valid day, the choice of count cutoffs for moderate to vigorous physical
activity, the choice of EE equations, and the manner in which missing data
is dealt with, all influence the outcomes [10,19]. In most studies, the raw
acceleration signal is converted into activity counts. Total or mean activity
counts per day and minutes per day spent above a certain intensity threshold
are reported. This does not value the richness of accelerometer data. More
sophisticated approaches to data processing, such as pattern recognition
– based approaches (e.g., quadratic discriminant analysis, hidden Markov
model), can improve the accuracy of accelerometer measurements [11,28].
With these methods, different types of activities can be distinguished.
Our study has some limitations. The study was hampered by the use
of various samples, test protocols, reference methods, and outcome
measures. Although this diversity helps building the evidence for the
clinimetric properties of motion sensors, it complicates comparison
between studies and between motion sensors. Furthermore, there are no
standardized criteria to evaluate and compare the quality of clinimetric
studies and their outcomes. The criteria we used may be disputed. However,
it was not our intention to develop a standardized evaluation checklist but
to provide information on the clinimetric quality of different motion sensors
in a standardized manner.
Taking these limitations into account, from this update it can be concluded
that:
• Although there are still several pedometers and accelerometers of
which the clinimetric properties in certain age groups are unknown,
most motion sensors seem to be reproducible, valid, and feasible
in assessing physical activity in youth (2-18 year).
• There is no information on the criterion validity of motion sensors
in adolescents (12-18 year).
• There is limited information on the reproducibility of multiaxial
accelerometers in youth (2-18 year).
• There is limited information on the reproducibility of motion
sensors in preschool children (2-4 year) and adolescents (12-18
year).
Because the technology of motion sensors is still improving, we can expect
them to continue to change. Researchers are encouraged to report the
clinimetric properties of (new) devices, although not without improving the
quality of the reported information. Freedson et al. [11] formulated seven
guidelines to improve the quality of calibration studies. Furthermore,
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consensus about collecting, cleaning, analyzing, and reporting motion
sensor data is urgently needed.
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Appendix. Evaluation checklist for studies on clinimetric properties of
motion sensors.
S1

S2

Sample characteristics (n, sex, age, weight, height, BMI/% body fat/
sum of skin folds, health status)
 ≥ 6 sample characteristics are described (at least: n, sex, age,
weight, and height) (1)
 4-5 sample characteristics are described (0.5)
 ≤ 3 sample characteristics are described (0)
Protocol
 Information on setting, activities, duration (d or h), and period of

wearing the motion sensor (1)
 Information on period of wearing the motion sensor is missing

(0.5)
 Not clear at all (0)

S3

Measurements
 Complete information on motion sensor (type, output, epoch,

placement) and reference method(s) (type, output) (1)
information on motion sensor (type, output, epoch,
placement) and reference method(s) (type, output) is missing
(0.5)
 Very limited information on motion sensor (type, output, epoch,
placement) and reference method(s) (type, output) (0)
 Some

S4

Statistical analyses
 Complete information on statistical analyses (tests, subgroup

analysis), statistical software package and p-value (1)
 Some information on statistical analyses (tests, subgroup analysis),

statistical software package and p-value (0.5)
 Very limited information on statistical analyses (tests, subgroup

analysis), statistical software package and p-value (0)
R1

Is intrainstrument reliability reported?
 Yes (1)
 No (0)

R2

Adequate measure of intrainstrument reliability?
Intraclass correlation coefficients (1)
95% limits of agreement (Bland and Altman) (1)
Pearson’s product-moment correlation coefficient (0)
Spearman’s rank correlation coefficient (0)
Kendall’s tau (0)
Other measure (0)
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R3

R4

Acceptable level of intrainstrument reliability?
 ICC ≥ 0.70 (+)
 ICC = 0.40-0.70 (±)
 ICC < 0.40 (-)
Is interinstrument reliability reported?
 Yes (1)
 No (0)

R5

Adequate measure of interinstrument reliability?
Intraclass correlation coefficients (1)
95% limits of agreement (Bland and Altman) (1)
Cohen’s kappa (1)
Standard error of measurement (1)
Coefficient of variation (1)
Pearson’s product-moment correlation coefficient (0)
Spearman’s rank correlation coefficient (0)
Kendall’s tau (0)
Other measure (0)











R6

Acceptable level of interinstrument reliability?
 ICC ≥ 0.70 (+)
 ICC = 0.40-0.70 (±)
 ICC < 0.40 (-)

V1

Is ‘criterion’ validity reported?
 Yes (1)
 No (0)

V2

Adequate measure of criterion validity?
Sensitivity (1)
Specificity (1)
Pearson’s product-moment correlation coefficient (1)
Spearman’s rank order correlation coefficient (1)
95% limits of agreement (Bland and Altman) (0.5)
Other measure (0)








V3

Acceptable level of criterion validity?
 r ≥ 0.75 (+)
 r = 0.50-0.75 (±)
 r < 0.50 (-)

V4

Is construct validity reported?
 Yes (1)
 No (0)
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V5

V6

Adequate measure of construct validity?
 Pearson’s product-moment correlation coefficient (1)
 Spearman’s rank correlation coefficient (1)
 T test (1)
 Mann-Whitney U test (1)
 Chi-square test (1)
 95% limits of agreement (Bland and Altman) (0.5)
 Other measure (0)
Acceptable level of construct validity?
 r ≥ 0.60 (+)
 r = 0.30-0.60 (±)
 r < 0.30 (-)

F1

F2

Is the amount of missing/ lost data due to (malfunctioning of) the
motion sensor reported?
 Yes (1)
 No (0)
Acceptable amount of missing/ lost data?
 ≤ 15% (+)
 > 15% (-)

F3

F4

Is the refusal rate of, or the compliance rate with wearing the motion
sensor reported?
 Yes (1)
 No (0)
Acceptable refusal rate?
 < 15% (+)
 15-30% (±)
 ≥ 30% (-)
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ABSTRACT
Accurate assessment of physical activity in very young children may
improve our understanding of the dose-response relationship between
physical activity in early life and health in later life. Motion sensors are
increasingly being used to assess physical activity, but so far, few motion
sensor-based studies have focused on very young children. The purpose
of the present study was to examine the feasibility of assessing physical
activity with accelerometers in 2-year-old children in terms of tolerance,
refusal rate, and the amount of missing or lost data due to malfunctioning
of the device. Five-hundred children participating in the Generation R
Study in Rotterdam, the Netherlands, were asked to wear an ActiGraph
accelerometer during waking time during a weekday and a weekend day.
Parents provided written information on their child’s experience with
wearing the accelerometer and on non-wearing time. One-hundred and
fifty-three children were excluded from analysis; 30 children did not agree
to wear the accelerometer, 72 children agreed to wear it but eventually
did not wear it, and data of 51 children were excluded because of software
or hardware problems or insufficient wearing time. Therefore, the final
sample consisted of 347 children (182 boys, 165 girls). The majority of
them (94%) were positive about wearing the accelerometer, 5% had
mixed feelings, and 2% were negative. On average, the children wore
the accelerometer for 9.2 hours per day. Sleeping and bathing were main
reasons for removing the accelerometer. Results suggest that it is feasible
to conduct accelerometer measurements in 2-year-old children. Further
motion sensor-based research should focus on identifying important and
modifiable determinants of their physical activity level and examining
physical activity-related short- and long-term health effects.
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BACKGROUND
Childhood overweight is one of the most serious public health problems
of the 21st century [14]. Particularly alarming overweight rates are
found in children as young as two years of age [8]. Because treatment of
overweight is often unsuccessful and early childhood is a critical period in
the development of overweight, prevention at young age has become an
important public health priority [1].
Physical activity is considered one of the keys in counteracting the current
epidemic of overweight, as well as in preventing and treating their related
diseases [15]. Although there is growing awareness of the benefits of
physical activity during childhood, several studies have shown that modern
children establish an inactive lifestyle at early age [9].
Accurate assessment of physical activity is essential to improve our
understanding of the dose-response relationship between physical
activity in early life and health in later life, to identify important and
modifiable determinants of physical activity, and to develop and evaluate
prevention and intervention programs. Physical activity has traditionally
been measured with self-reports, which are easily administered, low-cost
measurements. However, they do not capture the sporadic short-burst
nature of children’s physical activity. Motion sensors, i.e., accelerometers
and pedometers, are increasingly being used to assess physical activity,
but so far, few motion sensor-based studies have focused on very young
children [12,13]. The purpose of the present study was to examine whether
it is feasible to assess physical activity with accelerometers in 2-year-old
children.

METHODS
Subjects
The study was embedded in the Generation R Study, an ongoing birth cohort
study in Rotterdam, the Netherlands. The Generation R Study has enrolled
9778 pregnant women and follows their children until young adulthood [4,5].
All children were born between April 2002 and January 2006. Among an
ethnic homogeneous subgroup of children, more detailed assessments are
conducted, such as the accelerometer measurements currently described.
For the purpose of the present study, 500 of the 617 children who were two
years old when attending the Generation R Study clinic between December
2005 and February 2008, were asked to wear an accelerometer. Due to
the limited number of accelerometers, not all children were offered an
accelerometer. The study protocol was approved by the Medical Ethical
Committee of the Erasmus Medical Center, Rotterdam. Written informed
consent was obtained from all parents.
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Physical activity
Physical activity was assessed with an ActiGraph accelerometer (Model
AM-7164, ActiGraph, Pensacola, FL). The ActiGraph provides valid and
reliable information on the physical activity level of 3- to 18-year-old children
[12,13]. Information on the clinimetric quality of ActiGraph measurements
in younger children is currently lacking [12,13], but similar findings are
expected as for older children. The ActiGraph is a uni-axial accelerometer
which measures normal human movement. In the present study, movement
values (counts per minute) were collected every 15 seconds, as young
children engage in physical activity in frequent bursts of short duration
[7]. Parents were instructed to attach the accelerometer to their child’s
right hip by an elastic waist belt during waking hours during a weekday
and a weekend day and to remove the accelerometer when water was
involved and during sleeping. Reasons for not wearing the accelerometer,
the time and duration of afternoon naps, and the experience of the child
with wearing the accelerometer were reported by the parents.
Data analysis
All accelerometer data were processed using Actisoft 3.2 (ActiGraph,
Pensacola, FL) and MAHUffe 1.6.2.6 (Institute of Metabolic Science, Medical
Research Council Epidemiology Unit, Cambridge, UK) software programs.
The data were included in the analysis when the accelerometer was worn for
at least 400 minutes per day [3]. Substantial periods of zero activity counts
(≥ 10 min) and sleeping periods were excluded. Data were expressed as
mean counts per minute and as mean time spent in activities of different
intensity using age-specific count cut points. As there are no count cut
points for 2-year-old children, count cut points of 3-year-old children were
used [10].
All statistical analyses were performed using SPSS 14.0 (SPSS Inc. Chicago,
IL). Descriptive statistics were used to characterize the sample. Betweensex comparisons were made using independent-samples T-tests. Values
were considered statistically significant at p < 0.05.

RESULTS
Of the 500 children who were offered an accelerometer, 30 children did
not agree to wear it, 72 children agreed to wear the accelerometer, but
eventually did not wear it, and data of 51 children were excluded. Of the 30
children who did not agree to wear the accelerometer, 11 children refused
to wear it. Other reasons (n = 19) for not agreeing were: lack of time,
removal, holidays, and illness. Of the 72 children who agreed to wear the
accelerometer, but eventually did not wear it, 9 children refused to wear
the accelerometer and 63 children eventually did not wear it because their
parents forgot to put it on, the children or parents were ill, or for unknown
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reasons. Of the 51 children whose data were excluded, 8 children lost
their accelerometer during the study, data of 7 children were lost due to
malfunctioning of the accelerometer, data of 21 children were lost due to
software problems, and 15 children did not wear the accelerometer for a
sufficient amount of time.
The final sample consisted of 347 children (182 boys, 165 girls) with a
mean age of 2.1 ± 0.2 years. Most of the children (n = 245) were positive
or indifferent about wearing the accelerometer. Part of the children (n =
62) needed a period of habituation, but eventually were also positive. They
liked the belt and accelerometer (‘I have my own princess’s belt’) (n = 28),
found it interesting (n = 22), and were proud to wear the accelerometer
and showed it to other people (‘I wear a belt just like daddy’) (n = 21).
Sixteen children had mixed feelings about wearing the accelerometer and
five children were negative.
The majority of the children (n = 247) wore the accelerometer during both
a weekday and a weekend day; 313 children wore the accelerometer during
a weekday and 281 children during a weekend day. On average, they wore
the accelerometer for 9.2 ± 1.1 hours per day (range: 7.0 – 12.8 hours per
day). Main reason for removing the accelerometer was sleeping (n = 194).
Almost all children (n = 312) had an afternoon nap. Average nap time was
3.6 ± 1.0 hours per day. Other reasons for removing the accelerometer
were: bathing or showering (n = 121); around bed time (i.e., when the child
was still or already in its pyjama) (n = 24), changing the child’s diaper (n
= 23); playing with water or sand (n = 23); and feeling ill (n = 8). Some
parents (n = 29) forgot to put the accelerometer back on after periods of
non-wearing, e.g., after napping. Four children removed the accelerometer
because they were not willing to wear the accelerometer any longer.
The physical activity level of the children is shown in Figure 1A-B. Mean
daily physical activity was 599 ± 200 counts per minute. A high percentage
(85%) of monitored time was spent in sedentary behaviour. Ten percent of
time was spent in light physical activity and five percent of time in moderate
to vigorous physical activity (MVPA). Mean daily physical activity level
and time spent in sedentary activity did not significantly differ between
boys and girls. However, boys spent significantly more time in light and
moderate to vigorous physical activity than girls (light: 51 ± 17 minutes
per day versus 46 ± 16 minutes per day; T = 2.751; p < 0.05; MVPA: 26 ±
14 minutes per day versus 23 ± 13 minutes per day; T = 2.181; p < 0.05).
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Figure 1A-B. A, Time spent in activities of different intensity (minutes per day). B, Time spent
in activities of different intensity (proportion of wearing time).
MVPA = moderate to vigorous physical activity.

DISCUSSION
The present study examined whether it is feasible to assess physical activity
with accelerometers in 2-year-old children. The majority of the children
had proper accelerometer data (74%) and were positive about wearing the
accelerometer (94%). There were no significant differences in sex or age
between children who were and who were not included in the analysis.
The percentage of proper data among 2-year-old children is somewhat
lower compared to motion sensor-based studies among older children.
For example, in a study among 3- to 5-year-old children 88% had proper
accelerometer data [2] and in a study among 11-year-old children 78% had
proper accelerometer data [6]. Compliance to the monitor protocol may
be increased by reminder phone calls, lists of frequently asked questions,
plans to overcome barriers, such as wearing the accelerometer under
clothes, examples of accelerometer output, and incentives [11].

CONCLUSION
It seems feasible to conduct accelerometer measurements in children as
young as two years of age. The results show that this age group already
engages in low levels of physical activity. Further motion sensor-based
research should therefore focus on identifying important and modifiable
determinants of their physical activity level and examining short- and longterm health effects of their physical activity level.
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ABSTRACT
Purpose: To examine the association between children’s physical activity
and factors of the built environment.
Design: Cross-sectional study.
Setting: Ten neighborhoods in six cities in the Netherlands.
Subjects: Four hundred twenty-two children (age range: 6-11 years; 49%
male).
Measures: Physical activity diary, neighborhood observations, and
anthropometric measures.
Analysis: Univariate and multivariate linear regression analyses.
Results: According to univariate analyses adjusted for age, sex, body
mass index, and highest level of maternal education, physical activity (≥
3 metabolic equivalents) was significantly (p < 0.05) associated with the
proportion of green space, with the residential density, with the general
impression of activity-friendliness of the neighborhood, and with the
frequency of certain types of residences (e.g., terraced houses), sports
fields, water, dog waste, heavy traffic, and safe walking and cycling
conditions (e.g., cycle-tracks and 30-km speed zones) in the neighborhood.
According to adjusted multivariate analyses, physical activity was best
predicted by the frequency of parallel parking spaces in the neighborhood
and by the general impression of activity-friendliness of the neighborhood
(R 2 = 0.193).
Conclusions: Children’s physical activity is associated with certain
modifiable factors of the built environment. Longitudinal studies should
examine whether there is a causal relationship.
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INTRODUCTION
The increasing prevalence of pediatric overweight and obesity has raised
the awareness of children’s decreasing physical activity level [4,5,14]. To
promote physical activity among children, its determinants need to be
understood. There is extensive literature on demographic and psychosocial
determinants, but literature on built environmental determinants of
children’s physical activity lags behind [6,10].
In American and Australian studies, associations between factors of
the built environment and children’s physical activity have been found
[2,9,11,12]. However, these associations cannot be easily generalized to the
Netherlands, one of the most densely populated countries in the world (483
inhabitants/ km2). The Netherlands has a compact land-use pattern, geared
to the needs of non-motorists. In Dutch cities, where space is especially
scarse, house building often gets higher priority in urban planning than
playgrounds. Furthermore, sports facilities are moved out of city centers
to their boundaries, posing a possible barrier to go there on foot or by bike
[15].
The purpose of the Spatial Planning And Children’s Exercise (SPACE) study
was to examine the association between factors of the built environment
and children’s physical activity in the Netherlands. This study should guide
public health practitioners, policy makers, and urban planners in modeling
neighborhoods into activity-friendly neighborhoods.

METHODS
Design
The SPACE study was a cross-sectional study on children’s physical
activity in ten neighborhoods of six cities in the Netherlands. Five of these
neighborhoods were selected from a list of 56 disadvantaged neighborhoods
designated by the government for spatial restructuring in the near future.
The other five neighborhoods were selected to investigate the effects of
environmental changes on children’s physical activity in the future. These
neighborhoods were matched on type and construction period of residences
and on socioeconomic status and age distribution of residents. Selection
criteria were inclusion of pre- and post-World War II neighborhoods,
variation in type of residences (private and rented properties and lowand high-rise buildings) and amount of green space, and presence of at
least two elementary schools. Neighbourhood boundaries were defined by
city councils. The ten neighborhoods varied in size (mean: 130 hectares;
range: 51-228 hectares) and in population density (mean: 8106 residents/
km2; range: 4390-16,278 residents/km2). All measurements (i.e., physical
activity diary, neighborhood observations, and anthropometric measures)
were conducted between October 2004 and January 2005. An ethics
committee approved the study.
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Sample
A cross-section of children aged 6 to 11 years living in the selected
neighborhoods was recruited from 20 elementary schools (two schools
per neighborhood). Children in this age group were studied because they
are more dependent on their neighborhood for their physical activities
compared with younger and older children who have smaller (i.e., a block
of houses) and larger (i.e., several neighborhoods), radii, respectively,
of action [15]. Informed consent was obtained from the parents of 1228
children. Fifty-one percent (n = 625) of the children returned the activity
diary. Children failing to complete the diary for at least four days (including
a weekend day) (n = 104) [13] and children with missing data on body mass
index (BMI) (n = 6) or on maternal education (n = 93) were excluded from
the analyses. The final sample consisted of 422 children (Table 1). This
sample was older than the original sample of 1228 children (mean ± SD
age, 8.3 ± 1.4 vs. 7.8 ± 1.5 year; t1226 = -5.315; p < 0.001). No difference
was found in weight, sex or maternal education between the final and
original samples.
Table 1. Characteristics of the sample by sex.

Age, yr

M ± SD

Physical activity, h/wk
M ± SD
BMI %*

Normal weight
Overweight
Obesity

Maternal education %
Low
Medium
High

Boys (n = 207)

Girls (n = 215)

8.3 ± 1.4

8.3 ± 1.5

12.2 ± 5.9

11.5 ± 6.3

78
15
7

68
24
8

30
53
17

26
55
19

M = mean; SD = standard deviation; BMI = body mass index; * according to international age- and sex-specific
cut points [3].

Measures
Dependent variable
Time (h/wk) spent in performing physical activity of at least a moderate
intensity (≥ 3 metabolic equivalents) [1] served as the dependent variable.
It was assessed by a 7-day activity diary that was completed by the children,
together with a parent. For all waking hours, all activities were noted at the
end of each day, including the duration (in minutes) and the corresponding
category (i.e., active commuting, activities during school time, organized
sports, playing outdoors, and activities at home). Guiding questions and a
bookmark with commonly performed activities per category were provided
with the booklet.
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Independent variable
Factors of the built environment served as independent variables. They
were collected by two trained research assistants who walked together
through the neighborhoods after school using a checklist that they
completed in unison. The checklist consisted of 54 items in the following
eight categories: type of residences (10 items; scoring: 1 ‘none’ to 5
‘all’), sports facilities (12 items; scoring: 0 ‘nonexistent’ to 1 ‘existent’),
recreation facilities and playgrounds (7 items; scoring: 0 ‘nonexistent’ to 1
‘existent’), green space and water (3 items; scoring: 1 ‘none’ to 4 ‘many’),
safe walking and cycling conditions (14 items; scoring: 1 ‘few’ to 3 ‘many’),
garbage and dirt (2 items; scoring: 1 ‘few’ to 3 ‘many’), traffic safety (5
items; scoring: 1 ‘few’ to 3 ‘many’), and general impression of the activityfriendliness of a neighborhood (i.e., the suitability to play outdoors, walk,
and cycle for children) (1 item; scoring: 1-10). The checklist is based on
the Neighborhood Environment Walkability Scale (test-retest reliability:
intraclass correlation coefficient: 0.58 - 0.80) [8] but was modified to
reflect the Dutch built environment, including factors relevant to children
(e.g., playgrounds, school yard, and dog waste), as identified by focus
group interviews before the study.
Other independent variables included body height and weight, age, sex,
and highest level of maternal education. Body height and weight while
wearing indoor clothes (without shoes) were measured by two research
assistants with a portable stadiometer and a digital scale. The BMI was
calculated as weight in kilograms divided by height in meters squared and
was categorized into normal weight, overweight, and obesity [3].
Statistical analysis
Univariate and multivariate linear regression analyses were conducted in
SPSS 11.5 to examine the association between children’s physical activity
and factors of the built environment. The following 23 built environmental
factors were excluded from analysis because of insufficient variance
between neighborhoods: blocks of flats with more than 12 stories, sports
halls, athletics tracks, tennis courts, climbing halls, go-kart tracks, skating
rinks, skateboard tracks, indoor ski runs, golf courses, school yards,
playgrounds (e.g., swings, climbing frame, and sand box), children’s farms,
sidewalks, pedestrian crossings, traffic lights, traffic islands, multistory
parking lots, speed humps, roundabouts, zones with limited access to cars,
trams, and garbage. After crude analyses, all models were adjusted for
age, sex, BMI, and maternal education. Factors that reached significance
(p < 0.05) in the adjusted univariate analyses were included in the
multivariate analyses (forward entry, p < 0.05). All regression analyses
controlled for linearity and colinearity. To adjust for clustering of subjects
within neighborhoods, multilevel analyses were also conducted.

114

KvL-L.09-03.981B5.indd 114

14-10-2009 13:42:07

Activity-friendly neighborhoods

RESULTS
On average, children spent a mean ± SD of 11.8 ± 6.1 h/wk performing
physical activity (≥ 3 metabolic equivalents), ranging from 7.4 ± 4.5 to
15.5 ± 7.3 h/wk among the ten neighborhoods (F 9 = 8.23; p < 0.001).
Overall, there were 20 built environmental factors that were significantly
associated with children’s physical activity, when adjusted for age, sex,
BMI, and maternal education (Table 2).
Children’s physical activity was positively associated with the proportion
of green space and with the frequency of terraced houses, blocks of flats
with fewer than 6 stories, water, cycle tracks, and 30-km speed zones in
the neighborhood. It was also positively associated with the frequency
of parallel parking spaces and parking lots in the neighborhood, with the
residential density, and with the general rating of activity-friendliness of
the neighborhood.
Negative associations were found for the frequency of staircase entrance
flats (3-4 stories without elevator), unoccupied (boarded up) houses, dog
waste, heavy (lorry and bus) traffic, and intersections in the neighborhood.
Children’s physical activity was also negatively associated with the
frequency of zebra (striped) crossings in the neighborhood. Zebra crossings
are frequently found in neighborhoods with more heavy traffic (r = 0.71;
p < 0.001) and intersections (r = 0.49; p < 0.001).
In contrast to our expectations, no significant associations were found for
sports and recreation facilities, except for sports fields. Furthermore, a
negative association was found between children’s physical activity and
the frequency of paved playgrounds in the neighborhood.
Overall, the adjusted univariate models explained 8.1% to 14.7% of the
variance in children’s physical activity. Factors that explained most of the
variance were the general rating of activity-friendliness of the neighborhood
(14.0%) and the frequency of parallel parking spaces (14.7%), parking lots
(14.5%), and staircase entrance flats in the neighborhood (14.5%). These
four factors were the only factors that remained significantly associated
with children’s physical activity in the adjusted univariate multilevel
analyses.
Table 3 gives the results of the multivariate analyses. Children’s physical
activity was best predicted by the frequency of parallel parking spaces in
the neighborhood and by the general rating of activity-friendliness of the
neighborhood (R 2 = 0.136 and adjusted R 2 = 0.132).
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1-3

Blocks of flats,
6-12 stories

0-1
0-1
0-1

Sports fields

Swimming pools

Gyms/ health clubs

2.867

-0.689

-0.806

*

-3.567*

-0.012

0.255

0.809*

1.211*

-1.552*

2.804

(1.572, 4.163)

(-1.868, 0.490)

(-2.013, 0.402)
-0.494

-1.124

*

-3.080*

0.006

0.153

(-5.087, -2.047)

(-0.098, 0.073)

(-0.433, 0.942)

0.795*

1.233*

(0.495, 1.927)
(0.065, 1.553)

1.508
-1.472*

(0.939, 2.499)
(-2.080, -1.023)

(0.001, 0.017)

(-1.641, 0.654)

(-2.323, 0.074)

(1.555, 4.052)

(-4.625,-1.535)

(-0.078, 0.090)

(-0.535, 0.840)

(0.064, 1.525)

(0.533, 1.933)

(-1.992,-0.953)

(0.726, 2.290)

(-0.439, 0.993)

(-0.281, 2.556)

-0.804

-1.290

2.945

-2.286

0.009

0.362

1.171

1.949

-1.503*

1.201

0.147

0.757

0.015

B

(-5.223, 3.614)

(-5.598, 3.199)

(-0.784, 6.674)

(-5.543, 0.972)

(-0.319, 0.337)

(-2.176, 2.901)

(-0.731, 3.074)

(-0.417, 4.315)

(-2.720, -0.286)

(-1.161, 3.563)

(-1.938, 2.232)

(-3.497, 5.011)

(-0.011, 0.042)

95% CI

Multilevel adjusted analyses

B corresponds to the increase or decrease of the number of hours per week of physical activity with an increase of one unit in the particular factor of the built environment,
adjusted for other factors in the model; * p < 0.05; adjusted for age, sex, BMI, and maternal education.

1-3

Unoccupied houses

70-90

1-4

Blocks of flats,
4-6 stories

Proportion residents/
commercial properties

1-3

Blocks of flats,
1-3 stories

1.719

1-4
1-4

Terraced houses

Staircase entrance flats

*

*

0.277

(-0.142, 1.309)

0.583

1.138

(0.212, 3.057)

1-4

0.009

(0.002, 0.018)

Semi detached houses

1.635*

0.010

1-2

*

237-430
*

95% CI

Adjusted analyses
B

95% CI

Crude analyses

Detached houses

B

Residential density

Range

Descriptives

Table 2. Univariate models of the association between factors of the built environment and children’s physical activity.
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1-3
1-3
1-3
1-2
1-3
1-2
1-2

Water

Dog waste

Cars/ motors
driving with high speed

Cars outside parallel
parking space

Heavy traffic

Heavy lorry/ bus traffic

Cycle tracks

-0.972

(-2.333, -0.079)

-2.356
2.445*

(-4.057, -1.557)
(0.609, 4.720)

2.665*

-2.807
*

-1.896*

(-3.167, -1.342)

-0.839

*

(-2.368, 0.206)

-1.182

(-2.288, -0.430)
*

2.662*

(1.722, 4.154)

0.865
0.075*

(0.023, 0.125)

0.584

-0.234

-0.903

(-0.386, 2.338)

(-1.057, 1.720)

(-1.639, 0.729)

(-2.251, 0.522)

-2.255*

-1.081

-1.206*

-1.359
*

2.938*

0.074*

0.976

0.331

-0.455

-0.865

-1.372*

(-2.736, -0.362)

(0.439, 4.451)

(-3.587, -1.125)

(-2.814, -0.978)

(-2.097, 0.420)

(-2.079, 0.136)

(-2.104, -0.260)

(1.453, 3.871)

(0.024, 0.125)

(-0.494, 2.225)

(-0.773, 1.940)

(-1.401, 0.934)

(-2.245, 0.438)

(-2.549, -0.195)

95% CI

Adjusted analyses
B

95% CI

Crude analyses

-1.549*

B

2.170

-2.402

-1.709

0.245

-0.955

-1.510

2.001

0.078

0.729

0.798

-0.502

0.086

-2.171

B

(-2.285, 6.625)

(-6.026, 1.942)

(-4.565, 1.148)

(-4.224, 4.713)

(-4.122, 2.213)

(-4.316, 1.296)

(-1.437, 5.439)

(-0.075, 0.231)

(-3.923, 5.381)

(-3.663, 5.528)

(-4.690, 3.689)

(-4.422, 4.592)

(-6.092, 1.748)

95% CI

Multilevel adjusted analyses

B corresponds to the increase or decrease of the number of hours per week of physical activity with an increase of one unit in the particular factor of the built environment,
adjusted for other factors in the model; * p < 0.05; adjusted for age, sex, BMI, and maternal education.

2-3

0-1

Lakes/ ponds/ canals

5-40

0-1

Parks

Proportion green
space/ buildings

0-1

Grass fields

Green space

0-1

Paved playgrounds

Range

Descriptives

Table 2. Univariate models of the association between factors of the built environment and children’s physical activity.
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1-3
1-3
1-3

Parking lots

30-km Speed zones

Intersections
2.050*

-1.068*

2.273*

3.258*

2.386*

*

-1.815
2.152*
3.169*
1.815*
-1.035*
1.990*

(-3.115, -1.057)
(1.628, 3.144)
(2.145, 4.372)
(1.142, 3.404)
(-1.854, -0.282)
(1.319, 2.781)

*

(1.255, 2.724)

(-1.825, -0.246)

(0.700, 2.929)

(2.055, 4.284)

(1.408, 2.897)

(-2.854, -0.776)

95% CI

Adjusted analyses
B

95% CI

Crude analyses

-2.086

B

2.284*

-1.130

1.026

3.342*

2.123*

-1.829

B

(0.393, 4.175)

(-3.609, 1.350)

(-2.027, 4.080)

(0.821, 5.863)

(0.231, 4.014)

(-4.637, 0.978)

95% CI

Multilevel adjusted analyses

B corresponds to the increase or decrease of the number of hours per week of physical activity with an increase of one unit in the particular factor of the built environment,
adjusted for other factors in the model; * p < 0.05; adjusted for age, sex, BMI, and maternal education.

5.0-7.5

1-3

Parallel parking spaces

Activity-friendliness

1-3

Zebra crossings

Range

Descriptives

Table 2. Univariate models of the association between factors of the built environment and children’s physical activity.
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When age, sex, BMI, and maternal education were entered in the model,
children’s physical activity was still best predicted by these two factors
(R 2 = 0.193 and adjusted R 2 = 0.182). Parallel parking spaces remained
significantly associated with children’s physical activity in the adjusted
multivariate multilevel analysis. These spaces are frequently found in
neighborhoods with more 30-km speed zones (r = 0.64; p < 0.001) and
sports fields (r = 0.62; p < 0.001), and less heavy lorry and bus traffic (r =
-0.65; p < 0.001).
Table 3. Multivariate models of the association between factors of the built environment and
physical activity.
Crude analyses

Adjusted analyses

Multilevel adjusted
analyses

B

95% CI

B

95% CI

B

95% CI

Parallel parking spaces

2.159*

(1.416, 2.902)

1.943*

(1.213, 2.673)

1.933*

(0.474, 3.392)

Activityfriendliness

1.802*

(1.093, 2.512)

1.767*

(1.050, 2.484)

1.776

(-0.015, 3.566)

B corresponds to the increase or decrease of the number of hours per week of physical activity with an increase
of one unit in the particular factor of the built environment, adjusted for other factors in the model. * p < 0.05;
adjusted for age, sex, BMI, and maternal education.

DISCUSSION
Summary
In ten Dutch neighborhoods, the time children aged 6 to 11 year spent in
physical activity (≥ 3 metabolic equivalents) was significantly associated
with the proportion of green space, the residential density, the general
rating of activity-friendliness of the neighborhood, and the frequency
of certain types of residences, sports fields, paved playgrounds, water,
dog waste, heavy (lorry and bus) traffic, and safe walking and cycling
conditions in the neighborhood. When these factors were combined in a
multivariate model, two factors remained significantly associated with
children’s physical activity (i.e., the frequency of parallel parking spaces
in the neighborhood and the general rating of activity-friendliness of the
neighborhood). This model explained 19.3% of the variance in children’s
physical activity.
Limitations
Several methodological shortcomings of the SPACE study need to be
mentioned. First, 49% of the children did not return the activity diary. The
final sample was significantly older than the original sample. However, it is
unlikely that the small age difference caused substantial underestimation
or overestimation of the associations found. Second, the cross-sectional
design did not allow us to determine whether there is a causal relationship
between factors of the built environment and children’s physical activity or
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whether children and their parents self-select into certain neighborhoods.
The present study will be repeated after spatial restructuring of five of the
ten neighborhoods. Third, the study was performed in ten neighborhoods
with limited variance in the built environment. Any future study should be
extended to more rural areas or to other countries to add variance.
Implications
Children’s physical activity is associated with certain modifiable factors
of the built environment. Modelling neighborhoods into activity-friendly
neighborhoods may be an effective strategy to increase children’s physical
activity level. The California Safe Routes to School program has proved
that environmental changes can increase children’s active commuting
to school [2]. The role of parallel parking spaces in children’s physical
activity should be investigated further. Children living in high-density
neighborhoods might use empty parking spaces during the daytime for
playing outdoors. Children may feel safer when playing on the sidewalk
because of the barrier that parked cars create. Parallel parking spaces might
also reduce the speed of motorists [7]. Furthermore, the perceived quality
of the built environment seems important to consider in future studies, as
(in contrast to our expectations) no significant associations were found
between children’s physical activity and the frequency of several sports
and recreation facilities and playgrounds. The frequency and availability of
these facilities are perhaps not determinants of children’s physical activity
but rather their (perceived) quality in terms of safety (e.g., visibility from
residences, street lighting, fences, and safety tiles), state of repair, and
suitability to the wishes and needs of boys and girls of different ages. This
idea is supported by Sallis and colleagues [9], who demonstrated that it was
not the size (quantity) of school environments but their quality in terms of
improvements and the presence of supervision that explained most of the
variance in children’s physical activity.
Public health practitioners, policy makers, and urban planners might use
the general rating of activity-friendliness of a neighborhood to classify
neighborhoods (R 2 = 0.140). Whether this measure is valuable in other,
more rural, Dutch neighborhoods or other countries, needs further study.
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Walkable and cyclable neighborhoods

ABSTRACT
Objective: To identify built environmental correlates of children’s walking
and cycling behavior.
Method: In 2004-2005, 448 6- to 11-year-old children from ten Dutch
neighborhoods completed a 7-day physical activity diary in which the
number of walking and cycling trips for transportation, to school, and for
recreation were assessed. Characteristics of the ten neighborhoods were
scored with a checklist by two observers. The associations between these
characteristics and children’s walking and cycling behavior were examined
with multivariate linear regression analyses adjusted for the child’s age,
sex and ethnicity, and for parental education level.
Results: Whereas walking for transportation was strongest associated
with the frequency of cycle-tracks, traffic lights, and roundabouts in the
neighborhood (R 2 = 29.9%), correlates of cycling for transportation were
the number of recreation facilities, traffic safety, and the frequency of
sidewalks, pedestrian crossings, traffic lights, parallel parking spaces, and
parking lots in the neighborhood (R 2 = 33.2%). Comparable results were
found for walking and cycling to school. For walking for recreation on the
other hand, no significant associations were found with characteristics of
the neighborhoods.
Conclusion: Built environmental correlates of children’s walking and
cycling behavior differ by purpose and by commuting mode implying a
behavior-specific approach for interventions and for future, preferably
prospective, studies.
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INTRODUCTION
Trend studies suggest a worldwide decline in children’s physical activity
level, including active transportation [10]. In the last decades, an increasing
proportion of children are being transported to school by car [8,17,23].
Although walking and cycling to school are associated with an increased
level of overall active transportation, physical activity, energy expenditure
and cardiovascular fitness [7,9], it has long been an overlooked source
of daily physical activity for children [29]. However, active transportation
has recently become one of the main components of strategies to increase
children’s overall physical activity level [10].
In order to develop effective strategies that promote active transportation
among children, its determinants need to be understood. Social ecological
models are increasingly being used to gain an insight in the role of the built
environment in walking and cycling [22]. In studies using these models
active transportation to school has been found to be associated with street
connectivity [26,27], distance to school [4,14,19,26,27], steep inclines on
the way to school [27], neighborhood safety (e.g., windows facing the street)
[11,18,26,27], traffic safety (e.g., heavy traffic, traffic lights, crossings,
and limited public transport) [4,18,19,26,27], neighborhood aesthetics
[11,16], and facilities near home (e.g., walking and cycling trails, stores,
parks, and sports fields) [11,16]. However, most of these studies have been
performed in the United States and Australia [12]. Built environmental
correlates found in these continents cannot easily be generalized to the
Netherlands or other European countries [30,34]. The Netherlands has a
different land-use pattern, geared to the needs of pedestrians and cyclists.
Most Dutch children live within five kilometers from elementary school
[15,20] and walk or cycle to it [1]. In countries in which distance is not a
barrier for active transportation, other built environmental characteristics
may be important, such as the presence of green space and water in the
neighborhood, the absence of garbage and dog waste, and the walking and
cycling infrastructure (e.g., cycle-tracks, zebra crossings, roundabouts,
parallel parking spaces, and 30-km speed zones) [30].
Built environmental correlates of walking and cycling may not only be
‘country or continent specific’, but also ‘purpose specific’. For example,
studies among adults have shown different built environmental correlates
of walking and cycling for transportation than of walking and cycling for
recreation [21,32]. Similarly, correlates of walking and cycling may also be
‘behavior specific’, thus built environmental correlates of walking may be
different than that of cycling [13,34]. Among children, few environmental
studies have focused on active transportation to other destinations than
school or on recreational walking and cycling [7]. Furthermore, to our
knowledge no studies exist that have examined the association between the
built environment and children’s walking and cycling behavior separately
for walking and for cycling. Therefore, the purpose of the present
study was to identify purpose and behavior specific built environmental
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correlates of children’s walking and cycling behavior in the Netherlands.
Research questions were: “Which built environmental characteristics are
associated with: 1) walking and cycling for transportation; 2) walking and
cycling to school, and 3) walking and cycling for recreation?” and “Are built
environmental correlates of walking different than that of cycling?”

METHODS
This study is part of the Spatial Planning and Children’s Exercise (SPACE)
study [30], a study in which cross-sectional data were collected among a
convenience sample of 6- to 11-year-old children from ten disadvantaged
neighborhoods in six cities in the Netherlands. Table 1 shows some general
characteristics of the ten neighborhoods. Five of the ten neighborhoods
were selected from a list of 56 disadvantaged neighborhoods designated
by the government for spatial restructuring. Besides, five neighborhoods
were included to investigate the effects of changes in the built environment
on children’s physical activity in the future. Neighborhood selection criteria
were inclusion of pre- and post-World War II neighborhoods, variation
in the type of residences and the amount of green space between the
neighborhoods, and presence of at least two elementary schools per
neighborhood. The children who lived in these neighborhoods and who were
between 6- and 11-years old were recruited from 20 elementary schools
(two schools per neighborhood). Children in this age group were studied,
because they are more likely to have a radius of action for their daily
physical activities which corresponds with the size of their neighborhood
than younger children who have a smaller radius of action (i.e., one block
of houses) or older children who have a larger radius of action (i.e., several
neighborhoods) [33]. Informed consent was obtained from the parents of
1228 children. All measurements were conducted between October 2004
and January 2005. The study was approved by the ethics committee of the
Leiden University Medical Center.
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Table 1. General characteristics of the neighborhoods.
Neighborhood

Main construction
period

Size
(hectare)

Population density
(residents/km2)

Delftwijk, Haarlem

post-WW II

51

8646

Molenwijk, Haarlem

post-WW II

228

4390

Spangen, Rotterdam

pre-WW II

65

16278

Nieuwe Westen, Rotterdam

pre-WW II

124

15076

Randenbroek-Schuilenburg,
Amersfoort

post-WW II

215

5511

Liendert, Amersfoort

post-WW II

105

7234

Groenoord, Schiedam

post-WW II

110

7955

Holy-Zuid, Vlaardingen

post-WW II

190

5871

Berflo Es, Hengelo

pre-WW II

110

5391

Wilderinkshoek-Tuindorp,
Hengelo

pre-WW II

102

4703

WW = World War.

Walking and cycling
Walking and cycling were assessed by a validated 7-day physical activity
diary [31] which was completed by one of the parents, together with their
child. During seven consecutive days for all waking hours, all physical
activities were noted at the end of each day, including the duration of the
activity and one of the following corresponding physical activity categories:
active transportation, activities during school time, organized sports, playing
outdoors, and activities at home. For each day, the number of walking and
cycling trips were summed distinguishing in trips for transportation, trips
to school (i.e., walking and cycling for transportation between 07:00-09:00
AM on school days (one-way trip)), and trips for recreation (e.g., walking
and cycling during playing outdoors and walking the dog).
Background variables
Other variables that were collected at the individual level included: age, sex,
body height and body weight of the child, maternal and paternal education
level (low: primary school or lower vocational training; medium: secondary
school or intermediate vocational training; high: higher vocational training
or university), and country of origin of the child and both parents. Body
height and body weight were measured by two trained research assistants
with respectively a portable stadiometer (Stanley 04-116) and a digital scale
(Seca 812) while the child was wearing clothes but no shoes. Body mass
index (BMI) was calculated (kg/m2) and categorized into normal weight,
overweight, and obesity (excluding overweight) according to international
age- and sex-specific cut-off points [6]. Children were categorized into
Dutch, Turkish, Moroccan, Surinam/ Antillean, other Western, and other
non-Western ethnic groups.
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They were only categorized as Dutch if the child and both parents were
born in the Netherlands.
Built environmental characteristics
Built environmental characteristics were collected by neighborhood
observation. Two trained research assistants walked through the
neighborhoods after school time and together completed one checklist in
unison. This checklist is based on the Neighborhood Environment Walkability
Scale [25] but was modified to reflect the Dutch built environment, including
items relevant to children (e.g., playgrounds, school yard, and dog waste),
as identified by focus group interviews before the study. The inter-rater
reliability of the checklist was evaluated as good (percentage of agreement
= 77%) in a later study with the same checklist [2]. The checklist consisted
of 54 items on type of residences, sports facilities, recreation facilities,
play facilities, green space, water, dirt, traffic safety, walking and cycling
infrastructure, and general impression of the activity-friendliness of the
neighborhood [30]. Type of residences (8 items) was weighted and summed
per neighborhood to estimate residential density [25]. The number of
sports facilities (12 items), recreation facilities (3 items), and play facilities
(4 items), and the scores on the presence of dirt (2 items) and traffic safety
(5 items) were also summed per neighborhood. The remaining items were
analyzed separately. These included: proportion of residents to enterprises,
proportion of green space to residents, frequency of unoccupied houses
(scoring: 1 [none] – 5 [all]), presence of green space (scoring: 1 [no] – 4
[much]), presence of water (scoring: 1 [no] – 4 [much]), frequency of 11
items on walking and cycling infrastructure (i.e., sidewalks, cycle-tracks,
zebra crossings, pedestrian crossings, traffic lights, traffic islands, parallel
parking spaces, parking lots, 30-km speed zones, roundabouts, and
intersections; scoring: 1 [few] – 3 [many]), and general impression of the
activity-friendliness of the neighborhood (scoring: 1-10).
Statistical analyses
Fifty-one percent (n = 625) of the original sample returned the physical
activity diary. Children failing to complete the diary for at least three school
days (n = 68) and children with missing data on age, sex, parental education
level (n = 108), and/ or ethnicity (n = 82) were excluded from analyses.
The final sample consisted of 448 children. This sample was older than the
original sample of 1228 children (8.3 ± 1.5 year old versus 7.8 ± 1.5 year
old; t = -5.585; df = 1226; p < 0.001) and more often of Dutch origin (χ2 =
44.003; df = 1; p < 0.001). No significant differences were found in sex and
parental education level between the final and original samples.
Univariate and multivariate linear regression analyses were conducted
in SPSS 14.0 to examine the association between built environmental
characteristics (independent variables) and the number of walking and
cycling trips per week. Dependent variables were: walking and cycling
for transportation (model 1), walking and cycling to school (model 2), and
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walking and cycling for recreation (model 3). Walking and cycling were
examined jointly and separately. Built environmental characteristics were
examined first in separate models since they may be correlated. After
crude analyses, all models were adjusted for age, sex, parental education
level, and ethnicity. Characteristics that reached significance (p ≤ 0.05)
in the adjusted univariate linear regression analyses were included in the
multivariate linear backward regression analyses. Regression coefficients
(B) and 95% confidence intervals (CI) were calculated.

RESULTS
The final sample consisted of 216 boys and 232 girls with a mean age of 8.3
± 1.5 years (Table 2). Twenty-eight percent of the children were overweight
or obese. The majority of the children were of Dutch origin and had parents
with a medium education level.
Table 2. Characteristics of the sample (n = 448).

Sex, %
Boys
Girls

48
52

Age, yr
M
SD

8.3
1.5

BMI, %
Normal weight
Overweight
Obesity

72
20
8

Origin, %
Dutch
Turkish
Moroccan
Surinam/ Antillean
Other Western
Other non-Western

61
13
6
6
6
8

Maternal education, %
Low
Medium
High

27
56
17

Paternal education, %
Low
Medium
High

33
42
24

M = mean; SD = standard deviation; BMI = body mass index.

Ninety-three percent of the children (n = 421) walked or cycled for
transportation at least once per week. Walking or cycling to school was
reported by 82% of the children (n = 367). Of those children, 53% walked
and 40% cycled to school on every school day. Twenty-five percent of the
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children (n = 112) walked for recreation at least once per week. Cycling for
recreation was not reported. On average, the children made 13.3 ± 10.7
walking and 6.6 ± 9.2 cycling trips/wk for transportation; 3.6 ± 3.2 walking
and 1.5 ± 2.6 cycling trips/wk to school; and 0.7 ± 2.0 walking trips/wk for
recreation. Significant differences were found between neighborhoods in
walking and cycling for transportation, and walking and cycling to school
(walking for transportation: range = 7.7 - 20.1 trips/wk; F = 3.338; df =
9; p = 0.001, cycling for transportation: range = 0.6 - 12.6 trips/wk; F =
8.970; df = 9; p < 0.001, walking to school: range = 2.1 - 5.8 trips/wk; F
= 3.346; df = 9; p = 0.001, cycling to school: range = 0.0 - 3.5 trips/wk; F
= 7.602; df = 9; p < 0.001) (Figure 1a-b). No significant differences were
found between neighborhoods in walking for recreation (range = 0.0 - 1.7
trips/wk).
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Figure 1a. Walking behavior per neighborhood.
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Figure 1b. Cycling behavior per neighborhood.

Univariate linear regression analyses showed that 15 of the 23 built
environmental characteristics under study were significantly associated
with walking or cycling for transportation or walking or cycling to school.
These included: recreation and play facilities, green space, water, traffic
safety, and items on walking and cycling infrastructure. When these
characteristics were entered in a multivariate model, total walking and
cycling for transportation was strongest associated with the presence of
water and the frequency of sidewalks in the neighborhood (R 2 = 34.3%)
(Table 3). However, when walking and cycling for transportation were
analyzed separately, different built environmental correlates were found.
Walking for transportation was strongest associated with the frequency
of cycle-tracks, traffic lights, and roundabouts in the neighborhood
(R 2 = 29.9%). For cycling for transportation correlates were the number
of recreation facilities, traffic safety, and the frequency of sidewalks,
pedestrian crossings, traffic lights, parallel parking spaces, and parking
lots in the neighborhood (R 2 = 33.2%). Comparable results were found
for walking and cycling to school. Total walking and cycling to school was
strongest associated with the frequency of cycle-tracks in the neighborhood
(R 2 = 33.4%), whereas walking to school was strongest associated with
the presence of green space and the frequency of pedestrian crossings,
parallel parking spaces, parking lots, and roundabouts in the neighborhood
(R 2 = 30.0%), and cycling to school was strongest associated with the number
of recreation facilities, the presence of green space, and the frequency
of pedestrian crossings, traffic lights, and parallel parking spaces in the
neighborhood (R 2 = 30.6%). None of the built environmental characteristics
under study were significantly associated with walking for recreation.
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0-11
2-3
5-40
1-3
0-6
2-3
1-2
1-2
1-2
1-2
1-3
1-3
1-2
1-3

Recreation facilities

Green space

Proportion green space to residents

Water

Traffic safety

Sidewalks

Cycle-tracks

Pedestrian crossings

Traffic lights

Traffic islands

Parallel parking spaces

Parking lots

Roundabouts

Intersections

6.43*
1.32, 11.53

1.56
-2.71, 5.82

Walking and
cycling for
transportation
(1)

11.14**
6.35, 15.94

-7.29**
-10.71, -3.87

3.45
-0.21, 7.12

(1b)

(1a)

6.52*
1.18, 11.86

-1.385
-6.625, 3.855

14.66**
5.96, 23.36

-2.14
-9.00, 4.71

0.08
-1.11, 1.27

1.66**
0.46, 2.86

Cycling for
transportation

Walking for
transportation

B
95% CI

1.12*
0.18, 2.05

Walking
and cycling
to school
(2)

3.59**
1.80, 5.39

2.35**
1.13, 3.56

2.29**
1.08, 3.51

4.85**
1.65, 8.04

-2.05**
-3.20, -0.91

(2a)

Walking to
school

1.46**
0.38, 2.55

-0.59
-1.61, 0.43

3.41**
1.49, 5.33

0.52
-0.27, 1.30

0.41**
0.19, 0.63

(2b)

Cycling to school

B corresponds with the increase or decrease of the number of walking or cycling trips per week with an increase of one unit in the particular built environmental characteristic,
independent of other characteristics in the model; CI = confidence interval; * p < 0.05; ** p < 0.01; 1 R2 = 34.3%; 1a R2 = 29.9%; 1b R2 = 33.2%; 2 R2 = 33.4%;
2a R2 = 30.0%; 2b R2 = 30.6%.

2-12

Play facilities

Built environmental characteristic Range

Table 3. Adjusted multivariate models of the association between built environmental characteristics and walking and cycling behavior.
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DISCUSSION
The purpose of this study was to identify built environmental characteristics
which were associated with children’s walking and cycling behavior and
to examine whether there were differences by purpose (transportation
and recreation) and commuting mode (walking and cycling). Ninety-four
percent of the children in this study walked or cycled at least once per
week. Although this is a high percentage compared to other countries,
only a small percentage of the children (less than 10%) walked or cycled
every day. The California Safe Routes to School program has shown
that environmental changes can increase children’s walking and cycling
behavior [3]. In our study, a number of built environmental correlates of
children’s walking and cycling behavior were found. Small differences were
found between built environmental correlates of walking and cycling, but
both commuting modes were positively associated with the frequency of
pedestrian crossings and the frequency of parallel parking spaces in the
neighborhood. More difference was found in built environmental correlates
of walking and cycling for different purposes. Whereas none of built
environmental characteristics under study were significantly associated
with walking for recreation, a considerable proportion of the variance in
walking and cycling for transportation and walking and cycling to school
could be explained by built environmental characteristics. Adjusted
multivariate models showed that about 30% of the variance in walking and
cycling for transportation could be explained by the number of recreation
facilities in the neighborhood and the walking and cycling infrastructure of
the neighborhood. Comparable results were found for walking and cycling
to school.
The results of our study are in line with studies among adults and adolescents,
in which behavior specific built environmental correlates of walking and
cycling were also found [5,21,32]. Carver et al. [5] found differences
between built environmental correlates of cycling for recreation, cycling
for transportation, and cycling to/from school, and of walking for exercise,
walking for transportation, walking to school, and walking the dog among
Australian adolescents. Walking for transportation was associated with
local traffic volume and stores near home. Cycling for transportation on the
other hand, was associated with having good sports facilities. For walking
and cycling to school, Carver et al. [5] found no significant associations,
except for girls walking to school. For girls, parents’ concern about busy
traffic was negatively associated with walking to school. From a review of
environmental studies on walking among adults [21], it was concluded that
built environmental characteristics associated with walking for exercise are
different from those associated with walking for transportation. For cycling
among adults, similar conclusions can be drawn [32].
Although in our study built environmental correlates of children’s walking
and cycling behavior differed by purpose, there were also points of similarity.
Both walking and cycling for transportation, walking and cycling to school,
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and walking for recreation were not associated with the residential density,
type of residences, presence of dirt or the general impression of the activityfriendliness of the neighborhood. Built environmental characteristics most
consistently associated with walking and cycling for transportation and
walking and cycling to school were the frequency of pedestrian crossings
and parallel parking spaces in the neighborhood. In previous studies, the
walking and cycling infrastructure of a neighborhood was also shown to be
important [4,11,16,18,19,26,27]. For example, in the United States, Kerr et
al. [16] found a positive association between perceived walking and cycling
facilities (e.g., sidewalks, walking and cycling trails) within 1-km of the
child’s residence and the objective walkability of the neighborhood.
The positive association between the frequency of parallel parking spaces
in the neighborhood and cycling for transportation, and walking and cycling
to school in our study, might be explained by a lower speed of motorists
in narrow streets [24]. Children may also feel safer when walking on the
sidewalk, because of the barrier which parked cars create.
In this study, no associations were found between environmental
characteristics of the neighborhood and walking for recreation. Perhaps
walking for recreation takes place outside the boundaries of the
neighborhood or perhaps other factors are important, such as children’s
and parents’ perceptions of traffic safety, personal safety, and social
interaction [5,16,28].
Study limitations and strengths
One of the limitations of the study is its cross-sectional design, which
restricts the interpretation of directions of associations. However, in due
course measurements will be repeated after spatial restructuring of five of
the ten neighborhoods to examine the effects of environmental changes on
children’s physical activity level. A second limitation is the limited variance
in the built environment between the ten neighborhoods. All neighborhoods
were relatively deprived. Any future study should be extended to more rural
neighborhoods or to other Western countries to add variance. More (varied)
neighborhoods would have also been needed for multilevel analyses.
This study is among the first to examine the association between the built
environment and children’s walking and cycling behavior by purpose and
by commuting mode. The findings indicate that improving the walking and
cycling infrastructure of neighborhoods (i.e., building more pedestrian
crossings and providing parallel parking spaces) may help to increase
active transportation among children. However, one has to keep in mind
that walkable neighborhoods are not necessarily cyclable neighborhoods
(and vice versa), and neighborhoods which are very suitable for walking
and cycling for transportation are not necessarily suitable for walking
and cycling for recreation. Therefore, a behavior specific approach is
recommended for interventions and future studies. Future studies should
also further examine the association between the built environment and
walking and cycling for recreation and include measures of neighborhood
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safety, household transportation options, parents’ attitudes towards active
transportation, cultural norms, school policies, and weather conditions.
In addition, prospective studies are needed to clarify the direction of the
associations.
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GENERAL DISCUSSION
Over the past two decades, many prevention and intervention strategies have
been developed to counteract the current overweight epidemic by reducing
the spread of a sedentary lifestyle among youth. So far, these strategies
have had a limited effect at the population level [15,23,34,38,40,66].
To develop effective intervention strategies, it is essential to have a
better understanding of the physical activity patterns of children and
adolescents. There is still much to be learned about the nature of physical
activity patterns and the mechanisms underlying the widely accepted
health benefits of physical activity during childhood [48,56]. Furthermore,
the relationship between physical activity and demographic, biological,
psychosocial, and environmental correlates is not fully understood yet, and
nor are the circumstances in which physical activity is a conscious action,
or a spontaneously or automatically performed action [28]. If research into
physical activity among youth is to advance, it is vitally important to refine
the methods used to assess the physical activity in which they engage.
The first aim of this thesis was therefore to gain an insight into the
assessment of physical activity among children (2–11 years old) and
adolescents (12–18 years old).
The creation of an ‘activity-friendly’ environment is considered a promising
strategy for promoting physical activity among youth. The second aim
of this thesis was therefore to identify characteristics of the Dutch built
environment that are associated with an active lifestyle among urban
children (6–11 years old).
This chapter places the main findings of the thesis in a wider perspective,
making recommendations for future studies and proposing strategies to
promote a physically active lifestyle among youth.
Role of physical activity assessment in different domains of physical
activity research
As discussed in the general introduction of the thesis, measuring
physical activity is a key component of different domains of physical
activity research. It can be used to examine physical activity patterns
and trends in the population; to develop and evaluate physical-activityrelated models, theories, guidelines, and prevention and intervention
strategies; to identify determinants of physical activity; and to examine
dose-response relationships between physical activity and health. In this
thesis, physical activity was assessed in three different domains of physical
activity research (Figure 1). In chapter 2, physical activity was assessed
to examine the effect of using different operationalizations of the healthrelated 60-minute physical activity guideline on the proportion of children
meeting this guideline. In chapters 3, 4, and 5 the assessment itself was
the subject of study, and in chapters 6 and 7 physical activity was assessed
in order to examine its association with characteristics of the Dutch built
environment.
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Figure 1. Links between physical activity assessment and three domains of physical activity
research as studied in this thesis (after Welk [67], see also chapter 1).

There are numerous methods for assessing physical activity among youth.
In the studies described in this thesis, two methods have been used: a
subjective method, i.e. self-reports, and an objective method, i.e. motion
sensors. Both methods have strengths and weaknesses.
Strengths and weaknesses of self-reports for assessing physical
activity among youth
Physical activity has traditionally been measured with self-reports. Selfreports are an easily administered low-cost method. As shown in chapters
2, 6, and 7, self-reports, especially diaries, provide rich detail about the
perceived frequency, intensity, duration, and type of activities children
engage in during specific periods of time and in specific settings. In the
Spatial Planning And Children’s Exercise (SPACE) study, 625 children aged
6-11 years completed a 7-day physical activity diary. Of these children,
83% completed the diary on enough days (i.e., at least four days of
monitoring including at least one weekend day) to make a reliable estimate
of children’s usual physical activity pattern. On average, they completed
the diary for 7 ± 1 days, covering 537 ± 197 minutes per day (i.e., 70%
of waking time). A total of 153 different activities were reported. The five
most frequently reported activities were: eating and drinking, watching
television, school classes, walking, and playing indoors. The majority of
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the activities were classified as light-intensity1 activities according to the
Compendium of Physical Activities for Adults [1]. The intensity of 20% of
the activities was classified as sedentary2, 23% as moderate3, and 2% as
vigorous 4. Unfortunately, there was no comprehensive list of the energy
costs of children’s free-living physical activities at the time of the study.
The Adult Compendium of Physical Activities [1] was therefore used. The
use of adult values may have led to an underestimation of the energy
cost of the children’s activities and consequently to an underestimation
of the time spent in moderate to vigorous physical activity. However, if
the recently published Compendium of Energy Expenditure for Youth had
been used [45], similar proportions would have been found. Additional data
analyses using the Youth Compendium showed that the intensity of 24% of
the activities would then have been classified as sedentary, 56% as light,
19% as moderate, and 6% as vigorous.
In addition to the validity of the assigned intensity, the validity of the
reported duration of the activities in the diary may be questioned. Although
the 7-day physical activity diary was developed with great care, the results
described in chapter 2 suggest that the time spent in vigorous physical
activities was overestimated compared with accelerometer recordings.
Furthermore, the diary did not capture the sporadic short-burst nature
of children’s physical activity. An accelerometer-based study among 8- to
10-year-old children [5] showed that 80% of moderate physical activities
lasted less than ten seconds. In the diary, on the other hand, none of
the activities were reported as lasting less than one minute. Greater
understanding of the processing of information retrieval from memory may
improve the validity of the diary and other self-report methods. Interesting
questions for future studies are:
To what extent does the ability to estimate and report the duration of
activities differ according to the intensity of the activity, time of day,
setting in which the activity is performed, or level of consciousness
(i.e., habit strength) associated with the activity?
How does the ability to estimate and report the duration of activities
develop with increasing age?
How can the ability to estimate and report the duration of activities
be improved? (e.g., through training, by using different reporting
formats, by providing memory cues)

•

•
•

In summary, while self-reports have some weaknesses, they also have
strengths. They provide information about the perceived frequency,
intensity, duration, and type of children’s physical activities as well as the
setting in which these activities are performed. They will therefore continue
to be used in physical activity research.
1
3

Light: 1.5-2.9 metabolic equivalents (METs).
Moderate: 3.0-5.9 METs.			

2
4

Sedentary: < 1.5 METs.
Vigorous: ≥ 6.0 METs.
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Strengths and weaknesses of motion sensors for assessing physical
activity among youth
Unlike self-reports, motion sensors provide information about the actual
frequency, intensity, and duration of physical activity. Furthermore, these
lightweight, unobtrusive devices are not influenced by recall bias or social
desirability. Motion sensors have therefore recently become the method
of choice in physical activity research among youth. In the past decades,
motion sensors have evolved from simple pedometers to three-axial
accelerometers that can be used to assess physical activity or to estimate
energy expenditure.
With numerous motion sensors available, it is difficult to choose the most
appropriate one for assessing physical activity among youth. Chapters 3 and
4 therefore provide a review of the published evidence for the feasibility,
validity, and reproducibility of using pedometers and accelerometers to
assess physical activity in children and adolescents. As shown in Figure
2, the number of clinimetric studies in this field has increased rapidly in
recent decades. In 2004 we evaluated and compared 35 clinimetric studies
published since 1980. In our second review, in 2007, we summarized the
results of 32 new clinimetric studies.
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Figure 2. Number of clinimetric studies of using motion sensors among youth by year of
publication.

If the 2004 and 2007 reviews are compared, it can be stated that, although
the amount of evidence has increased since 2004 and the technology of
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motion sensors has improved, the trends in the conclusions of the two
reviews are not very different. As in 2004, in the 2007 review we found
that there were still several pedometers and accelerometers of which the
clinimetric properties in certain age groups were unknown. Furthermore,
the ActiGraph accelerometer remained the most studied motion sensor.
In addition, information about the clinimetric properties of multi-axial
accelerometers was still limited, as was information about the reproducibility
of motion sensors in preschool children.
Table 1 combines the results of both reviews. Even though publication bias
can not be ruled out, most motion sensors seem to produce reproducible
and valid results when used to assess physical activity in youth. The
selection of an appropriate motion sensor therefore remains an issue of
cost per unit, monitor size, battery life, memory size, technical support,
software packages to download and analyze the data, and comparability of
findings with other studies.
In addition to the selection of the type and brand of the motion sensor,
other considerations include the site of placement of the motion sensor
on the body, the sampling interval, and the number of monitoring days
[5,44,49,53]. In general, the preferred site of placement is the right hip
[44]. In addition, with youth, it is advisable for a motion sensor to be worn
for at least four days to provide a reliable estimate of their usual physical
activity pattern [42,53,54]. There is less consensus about the sampling
interval. At first, one-minute sampling intervals were used, as in chapter
2. Since the battery life and memory capacity of accelerometers have
increased, shorter sampling intervals are often used now, as in chapter 5.
It is thought that shorter sampling intervals capture the highly intermittent
spasmodic nature of children’s physical activity better [2,5]. Recently, Reilly
et al. [44] have questioned this assumption. On the basis of two studies
and additional analyses of their own data, they found that the effect of a
shorter sampling interval is smaller than assumed.
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Another important area where consensus lacks is the analysis of
accelerometer data. The procedures used for cleaning and analyzing
accelerometer data may have an even larger effect on the outcomes of
a study than the type or brand of the motion sensor or the monitoring
protocol used [17,32]. Such data processing procedures should include
decision rules for:
cleaning and reducing missing values;
cleaning and reducing extreme values;
defining a valid day or week;
defining non-wearing time;
applying count cut-offs for sedentary, light, moderate, and vigorous
intensity physical activity;
• applying equations to convert counts into energy expenditure
estimates;
• applying correction factors for certain activities that are not
(accurately) measured with accelerometers, such as cycling and
swimming.
•
•
•
•
•

Although the evidence for different data processing decisions is currently
limited, standardized procedures are desirable. In order to simplify
comparison of motion sensor-based studies it is recommended to report
at least the mean counts per minute. In addition, the further exploration
of sophisticated statistical techniques such as pattern-recognition-based
approaches (e.g., quadratic discriminant analysis [43], wavelet-based
functional mixed models [35], and artificial neural network models [47])
may improve the accuracy of accelerometer measurements by predicting
or classifying different types of activity from accelerometer data. These
approaches may, for example, improve accelerometer-based energy
expenditure estimates by distinguishing between activities that produce
similar total acceleration over time but have different energy costs,
or by distinguishing between activities that have similar energy costs
but different total acceleration over time. In addition, such information
provides an insight into the contribution of different types of activity to
total physical activity or total energy expenditure. Furthermore, patternrecognition-based approaches can be useful in distinguishing between
sedentary activities, sleeping, and non-wearing time.
Concluding remarks on assessing physical activity among youth
In conclusion, assessing physical activity among children and adolescents
is a challenging enterprise. Both self-reports and motion sensors have
strengths and weaknesses when used to assess physical activity among
youth. Both methods may benefit from using standardized monitoring
protocols and procedures for cleaning, analyzing, and reporting the gathered
data. Further improvement of these methods may also be expected from
the application of more sophisticated statistical techniques to analyze the
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data, such as methods to imputate missing data [10], Rasch response
conversion models to scale data from different self-report methods on
a common scale [9,24], and pattern-recognition-based approaches to
classify different types of activity when using accelerometers [47]. Another
promising development in physical activity research is the use of multiple
sensors, such as heart rate monitors combined with accelerometers, global
positioning systems, and goniometers [11,29,65,69].
In future research, it would be helpful to have a decision support tool for
selecting an appropriate physical activity assessment method which takes
the following factors into consideration [12,18,19]:
• the domain and purpose of physical activity research (e.g.,
screening, evaluation);
• the research question and hypothesis;
• the outcome measure for physical activity (e.g., frequency,
intensity, duration, type, total energy expenditure);
• the characteristics of the study population (e.g., age, ethnic
background, level of education);
• the size of the study population;
• the feasibility of the assessment method (e.g., participant burden,
level of discomfort);
• the validity and reproducibility of the assessment method;
• the budget of the study;
• the timeframe of the study.
Physical activity guideline for youth
Over the past two decades, the Dutch government has pursued an active
policy on sports and physical activity. They have launched several grant
schemes and policy documents such as the policy program ‘Sports,
Physical Activity and Health’ (in Dutch: ‘Beleidskader Sport, Bewegen en
Onderwijs’). They have supported recreational and elite sports, adopted
national information campaigns to promote physical activity such as ’double
30 minutes physical activity’ (in Dutch: ‘dubbel30-vmbo-campagne’), and
invested in many local and regional prevention and intervention strategies
designed to promote physical activity. Policy-making in the area of sports
and physical activity relies heavily on valid information about trends in
sports and physical activity at the population level, such as trends in the
proportion of people meeting the health-related physical activity guideline.
Unfortunately, there is continuing uncertainty about the exact proportion of
youth currently meeting this guideline. For example, according to the Dutch
Injuries and Physical Activity monitor (in Dutch: Ongevallen en Bewegen in
Nederland (OBiN)) 32% of the 4- to 11-year-old children meet the 60-minute
guideline [38], whereas another survey of this age group indicates that
90% of the children meet this guideline [63]. This discrepancy can partly
be explained by differences in the socio-demographic characteristics of
the study population (e.g., age, ethnic background, level of education, and
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living conditions) and the sampling technique of the study population. As
shown in chapter 2, differences in the proportion of youth meeting the
guideline can also be explained by differences in the method used to
assess physical activity. In the Netherlands, various methods are used to
assess the proportion of children and adolescents who meet the healthrelated physical activity guideline [39,64]. Furthermore, differences in the
proportion of youth meeting the guideline can be explained by the use of
different guideline operationalizations in terms of intensity threshold, bout
duration, and the number of days of moderate to vigorous physical activity.
Other sources of variation are the reporting format of questionnaires (e.g.,
open-ended versus closed response categories), the data collection method
for questionnaires (e.g., telephone versus web-based survey) [30], the
recall or reference period for physical activity (e.g., last year as opposed
to last month) [46], and the season in which physical activity is assessed
(e.g., summer or winter) [55].
In addition to the lack of consensus about the assessment method and
the operationalization of the physical activity guideline for youth, the
exact definition of the guideline is also an issue that is debated. Recently,
Janssen [26] reviewed international physical activity guidelines for children
and adolescents. He identified 12 different guidelines for youth ranging
from ‘engage in ≥ 3 sessions per week of moderate to vigorous activity
that last ≥ 20 minutes’ to ‘be active ≥ 60 minutes per day, limit screen time
< 2 hours per day, and replace them with more active activities’. Janssen
concluded that the current physical activity guidelines for youth are mainly
based on consensus between experts and the results of intervention
studies, rather than on results of prospective cohort studies. In addition,
there have been few dose-response studies, especially among preschool
children [51]. Furthermore, most studies used self-reports.
In the Netherlands, the most recent physical activity guideline for youth
dates from 2003 and runs as follow ‘youth (younger than 18 years old)
should: 1) be physically active for one hour per day at a moderate intensity
level; and 2) perform activities that improve or maintain physical fitness
(i.e., strength, flexibility, and motor coordination) at least twice per week’
[27]. Since 2003, new evidence has been published about the health
benefits of physical activity for youth [e.g., 7,14,51]. The Dutch physical
activity guideline for youth should therefore be updated. I would suggest
the following guideline: ‘youth (4-18 years old) should 1) be physically
active at a moderate intensity level (≥ 3 METs) for a minimum of 60
minutes per day or 2) be physically active at a vigorous intensity level
(≥ 6 METs) for a minimum of 20 minutes on 3 days per week’. Issues that
should also be considered are: minimal and optimal amounts of physical
activity for different health outcomes, formulation of age-specific physical
activity recommendations (e.g., for 0-3 year olds, 4-11 year olds, and
12-18 year olds), and integration of the physical activity guideline and
other health-related guidelines, such as recommendations regarding
sedentary activities, sleep, nutrition, hydration, alcohol, tobacco, and
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hygiene [22,52]. When updating the Dutch physical activity guideline for
youth, the scientific discussion about the definition and operationalization
of the guideline should be clearly separated from the discussion about the
translation of the guideline into messages and media campaigns. These
messages should be simple, informative (i.e., they should tell people what
to do, why, and how), and persuasive [6].
Activity-friendly environment for youth
Creating an environment that makes ‘the active choice the easy choice’
is considered a promising strategy for the promotion of physical activity
[70,71]. Changes in the built environment are assumed to be more costeffective and to have a more lasting effect on behavior change than
individual approaches because they become incorporated into structures,
systems, policies, and sociocultural norms [50]. Moreover, improving the
activity-friendliness of the built environment may influence population
groups that are hard to reach with other strategies [50]. In the last few
years, many studies have been performed to identify characteristics of the
built environment that encourage an active lifestyle. The Spatial Planning
And Children’s Exercise (SPACE) study is one of them [13,20,21,33,68].
In the SPACE study, a broad array of potentially relevant characteristics
of the Dutch built environment that may either promote or inhibit physical
activity among youth have been examined. The results of the SPACE study
showed that built environmental correlates of children’s physical activity
differed to some extent according to the type of activity. Chapter 6 shows
that the higher the frequency of parallel parking spaces (i.e., parking
spaces parallel to the sidewalk) and the higher the subjective rating of the
activity-friendliness of the neighborhood, the more time children spend
in moderate to vigorous physical activity. In chapter 7, it was concluded
that children’s walking and cycling behaviour varied according to the
purpose (transportation, school, and recreation) and the commuting mode
(walking and cycling). In general, the higher the frequency of pedestrian
crossings and the higher the frequency of parallel parking spaces in the
neighborhood, the higher the number of walking and cycling trips for
transportation purposes. In order to examine whether changing the traffic
infrastructure of a neighborhood will actually lead to more physical activity
among children, repeated measurements are required. Preparations were
therefore made in 2008 to repeat all the measurements of the SPACE study
from 2004-2005. By 2008, five out of ten neighborhoods in the SPACE study
had undergone partial restructuring. The other five neighborhoods will
serve as controls. Alongside the measurements conducted in 2004-2005
(i.e., anthropometric measurements, assessment of physical activity using
a 7-day physical activity dairy and accelerometers, and a neighborhood
observation checklist), global positioning systems (GPS) will be used in a
sub sample of the population. These systems provide information about the
spatial context of physical activity. GPS can increase our understanding of
transport-related physical activity among children [16,31], for example by
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providing an insight into walking and cycling routes to school. Furthermore,
GPS can provide information about places where children play and about
the appeal of different sports and play elements in those playgrounds.
In addition, in the repeated measurements of the SPACE study certain
characteristics of the built environment will be geocoded and entered into a
geographic information system (GIS) integrating accelerometer, GPS, and
GIS data. The combination of all these methods will provide a wealth of
information about the exposure of children to different built environmental
characteristics and will therefore increase our understanding of the
relationship between children’s physical activity and the built environment.
The result will be a picture of where, when, and how long children are
exposed to certain built environmental characteristics and how these
characteristics influence their physical activity.
Next to the SPACE study, over the last few years many other studies
investigating the association between the built environment and physical
activity have been conducted [13,20,21,33,68]. Most of these studies can
be characterized as cross-sectional. Furthermore, they are often datadriven rather than theory-driven. Although there are numerous theories
and models that focus on individual correlates of physical activity (e.g.,
Transtheoretical Model, Theory of Planned Behaviour and I-Change Model)
[57,58], theories and models with a focus on environmental correlates of
physical activity are still sparse [4]. In addition, there is a lack of agreement
about the definition and size of the built environment to study [50]. In
some studies the built environment is defined at the block group level or
as the 1-km parcel of land around a subject’s home. In the SPACE study,
the neighborhood boundaries were defined by city authorities. Although
previous research has shown that most of the activities 6- to 11-year-old
children perform are conducted in their neighborhood, some of the activities
might have taken place outside the boundaries of the neighborhood. Key
correlates located just outside the neighborhood boundaries may therefore
have been missed, leading to an underestimation of the association
between children’s physical activity and the characteristics of the built
environment. Furthermore, there are numerous methods for assessing the
characteristics of the built environment. To date, most studies have used
self-reports assessing children’s or parents’ perceived built environments
rather than more objective methods such as GIS [13,33]. In addition, few
studies have used multivariate analyses, adjusting for other potential
demographic or environmental characteristics [8].
In conclusion, research on the relationship between the built environment
and physical activity is still in its infancy [8]. Our study has added to the
current knowledge base by using self-reports as well as accelerometers to
assess physical activity in a sample of urban children, by using neighborhood
observations, by making a distinction between different types of physical
activity when examining the association between children’s physical
activity and the built environment, and by performing multivariate analyses
controlling for sociodemographic characteristics. Chapters 6 and 7 provide
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preliminary evidence for an association between children’s physical activity
and certain characteristics of the Dutch built environment. In order to
advance research on this topic and to unravel the complex relationship
between built environmental characteristics on the one hand and physical
activity on the other, future work should focus on the development or
refinement of theories and conceptual models for environmental correlates
[8,41]. These new theories and models should integrate the knowledge of
different research disciplines such as geography and planning, public health,
exercise science, criminal justice, and human development [13]. In addition,
prospective study designs with repeated measurements and intervention
study designs are needed. Furthermore, the development and validation
of methods to assess built environmental characteristics should receive
more attention. Since environmental characteristics are thought to have
the potential to influence behavior without individuals being consciously
aware of them, researchers are encouraged to assess both perceived and
objective characteristics of the built environment in the same study [28]. In
addition, future studies should explore the relative importance of, and the
interaction between, individual, social environmental, built environmental,
and natural environmental correlates of children’s physical activity.
Recommendations for future physical activity research among
youth
Although the studies presented in this thesis provide an insight into the
assessment of physical activity among youth and have identified certain
modifiable characteristics of the Dutch built environment that may
encourage an active lifestyle among youth, the studies have also raised
new questions. The following recommendations can be made on the basis
of this thesis:
• design a decision support tool that allows researchers to select an
appropriate physical activity assessment method;
• acquire a better picture of the processing of physical activity
information retrieval from memory in order to improve self-report
methods;
• reach consensus about monitoring protocols and procedures for
cleaning, analyzing, and reporting data collected using self-report
methods and motion sensors;
• assess and report the feasibility, validity, and reproducibility of
new physical activity assessment methods;
• further explore the possibilities afforded by sophisticated statistical
techniques to analyze data gathered with self-report methods
and motion sensors (e.g., imputation methods, Rasch response
conversion models, and pattern recognition-based approaches);
• reach consensus about the definition, operationalization, and
reporting of the health-related physical activity guideline;
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• add objectively measured physical activity data to the evidence
base for the dose-response relationship between physical activity
during childhood and health in early or later life;
• determine the minimal and optimal amount of physical activity for
achieving health benefits among preschool children;
• develop or refine theories and conceptual models about
environmental correlates and physical activity in order to formulate
specific hypotheses to be tested in further research;
• assess and report the feasibility, validity, and reproducibility of
methods for assessing built environmental characteristics and
exposure to those characteristics;
• further explore the relative importance of, and the interaction
between, individual, social environmental, built environmental, and
natural environmental correlates of children’s physical activity;
• conduct prospective studies with repeated measurements or
intervention studies to examine the direction of the relationship
between children’s physical activity and the built environment;
• examine the cost-effectiveness of environmental changes;
• develop tools and draw-up guidelines that support public health
practitioners, policymakers, and urban planners in the modeling of
neighborhoods into activity-friendly neighborhoods.
Strategies to promote an active lifestyle among youth
With the current epidemic of overweight and obesity among youth
and the decline in physical activity in this age group, it is important for
policymakers and leaders in health care, urban planning, education, child
care, workplaces, sports, recreation, and the mass media - as well as
parents - to assume their responsibility in promoting an active lifestyle
among youth by for example:
• acting as role models for youth and showing that physical activity
is healthy, fun, and enjoyable;
• delivering long-term sustained national, regional, and local
campaigns to promote physical activity among youth [37];
• involving youth and their parents to determine the best media
to use, the most effective messages, and the most appropriate
language for different groups [37];
• promoting physical activity during school breaks [25];
• ensuring that trainers, staff, and volunteers have the skills to
design, plan, and deliver physical activity sessions [37];
• promoting active transportation;
• evaluating all prevention and intervention strategies (i.e., policies,
plans, programmes, infrastructural changes, and communications)
designed to promote an active lifestyle and inhibit a sedentary
lifestyle among youth;
• disseminating and implementing good practices.
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Although the scientific evidence about the relationship between the
built environment and children’s physical activity is limited at present,
investments in the creation of healthy, active environments are
recommended. In addition to promoting an active lifestyle, healthy active
environments can be more pleasant to live in and appealing for residents,
employers, and visitors; have less air and noise pollution; enhance
neighborhood revitalisation, social cohesion, and community identity; and
expand social networks [70]. It is therefore advisable to:
• involve children and parents in the planning, assessment and
development stages of constructing or improving activity-friendly
environments [60];
• build separate lanes and tracks for pedestrians, cyclists, and cars
on busy streets [36,59];
• build pedestrian crossings on busy streets [59];
• implement traffic control measures;
• restrict car use in urban environments and around schools to
facilitate walking and cycling;
• provide cycle racks and sheds around schools, playgrounds, sports
facilities, railway stations, and shopping centers [60];
• create safe routes to school [36];
• provide maps with safe routes to school, organize walk and cycle
to school days, provide road safety training, and help children to
be ‘streetwise’;
• make school facilities available to children before, during, and after
the school day, at weekends, and during school holidays [3,37];
• provide information about the availability of safe and enjoyable
opportunities to be physically active in the neighborhood (i.e.,
parks, facilities, activities, as well as more non-traditional physical
activity spaces);
• ensure that playgrounds are accessible, clean, and safe [3];
• pursue a policy for dog waste (e.g., fines, pooper scoopers, dog
waste bins) [60-62].
To achieve substantial changes in behavior, strategies designed to promote
an active lifestyle among youth should target changes in important
determinants in different settings (home, school, youth health care settings,
sports and recreation settings, and neighborhood) simultaneously.
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SUMMARY
Activity-friendly neighborhoods for children: measurement of
physical activity and environmental correlates
With the current epidemic of overweight and obesity among youth and the
decline in their physical activity, promoting an active lifestyle has become
a public health priority. In order to develop effective prevention and
intervention strategies designed to promote an active lifestyle and inhibit a
sedentary lifestyle among children and adolescents, it is essential to gain a
thorough understanding of their physical activity patterns. Physical activity
is a complex behavior which is difficult to measure, especially among youth.
This thesis aims to provide an insight into the assessment of physical
activity among children and adolescents, and to identify characteristics of
the Dutch built environment that can promote or inhibit an active lifestyle
among children.
The introductory chapter 1 provides a general background and a rationale
for the studies presented in this thesis. Two conceptual models are
discussed. The first model relates to Part I of the thesis and describes
the role of assessment in different domains of physical activity research.
The second conceptual model relates to Part II of the thesis and revolves
around characteristics of the Dutch built environment that are potentially
associated with children’s physical activity. The chapter concludes with the
research questions addressed in the subsequent chapters of the thesis.
The following sections present the main findings of these chapters.
Part I: Assessing physical activity among youth
In the first part of the thesis (chapter 2-5), four studies on the assessment
of physical activity among youth are presented. Accurately assessing
physical activity is essential for examining trends in children’s and
adolescents’ physical activity over time, for establishing appropriate public
health objectives in youth, for improving our understanding of the doseresponse relationship between physical activity in early life and health in
later life, for identifying determinants of physical activity among youth, for
detecting children and adolescents at risk, and for setting and evaluating
goals for prevention and intervention strategies designed to increase
physical activity among youth.
According to the health-related physical activity guideline, children
and adolescents should accumulate a minimum of 60 minutes per day
in moderate to vigorous physical activity. Chapter 2 shows that the
proportion of 6- to 11-year-old children meeting this guideline are highly
dependent on the guideline’s operationalization in terms of intensity
threshold, bout duration and number of days of moderate to vigorous
activity, and on the assessment method used. Thus depending on the
guideline operationalization, between 3% and 86% of 521 children who
167
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completed a 7-day physical activity diary and between 0% to 100% of 51
children who simultaneously wore an ActiGraph accelerometer met the
physical activity guideline. In accordance with our expectations, more
children met the guideline when a lower intensity threshold (3 metabolic
equivalents (METs)) and a shorter bout duration (1 minute) were used than
when a higher intensity threshold (5 METs) and a longer bout duration (5
or 10 minutes) were used. In addition, more children met the guideline if
the 60-minute threshold was considered as the average rather than the
daily amount of activity. It was concluded that the use of different guideline
operationalizations results in conflicting information on the proportion of
youth meeting the health-related 60-minute physical activity guideline.
This conflicting information hampers national policy making. In order to
monitor the extent to which populations of children meet the guideline and
in order to simplify comparisons between studies, consensus is needed on
the guideline’s operationalization.
Motion sensors (i.e., pedometers and accelerometers) are increasingly
being used to assess physical activity among youth. Chapter 3 presents
the results of a systematic review of 35 studies on the feasibility, validity,
and reproducibility of using motion sensors to assess physical activity in
healthy children (2-11 years old) and adolescents (12-18 years old). In this
review performed in 2004, the clinimetric quality of two pedometers (DigiWalker and Pedoboy) and seven accelerometers (LSI, Caltrac, ActiGraph,
Actiwatch, Tritrac-R3D, RT3, and Tracmor2) was evaluated and compared,
using a 20-item checklist. The results showed that there was strong evidence
for good reproducibility of the Caltrac in adolescents (12-18 years old), poor
reproducibility of the Digi-Walker in children (8-11 years old), good validity
of the ActiGraph in both children and adolescents (8-18 years old), and good
validity of the Tritrac-R3D in children (8-11 years old). The ActiGraph was
the most studied motion sensor. There was extensive evidence for good
feasibility, validity, and reproducibility of the ActiGraph in children (3-11
years old) as well as in adolescents (12-18 years old). However, none of the
35 studies provided information about the reproducibility of using motion
sensors to assess physical activity in preschool children (2-4 years old) or
information about the reproducibility of using three-axial accelerometers
in youth. Therefore, further clinimetric motion-sensor based studies are
warranted, although not without improving the quality of the reported
information.
Since 2004, the number of motion sensor-based studies have increased
dramatically, the technology of existing motion sensors has improved,
and new motion sensors have been developed. For these reasons, the
review of 2004 was updated in 2007. In this update, 32 new studies were
reviewed describing the clinimetric quality of three pedometers (DigiWalker, Walk4Life, and Sun TrekLINQ) and nine accelerometers (ActiGraph,
BioTrainer, StepWatch Activity Monitor, Actiwatch, Actical, Tritrac-R3D, RT3,
168
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ActivTracer, and Mini-Motionlogger). The results of this update are presented
in chapter 4. Compared with the review of 2004, there was increased
evidence for the clinimetric quality of pedometers and accelerometers
in youth. Most motion sensors seemed feasible, valid, and reproducible
devices to assess physical activity in children and adolescents.
Few motion sensor-based studies have focused on very young children. In
chapter 5 the feasibility of using motion sensors to assess physical activity
in 2-year-old children was investigated. Five hundred children participating
in the Generation R Study conducted by the Erasmus Medical Center in
Rotterdam were asked to wear an ActiGraph accelerometer during waking
time on a weekday and on Saturday or Sunday. Their parents provided
information about the child’s experience with wearing the accelerometer
and about non-wearing time. Finally, the data of 347 children with proper
accelerometer data were included in the analysis. Most children were
positive about wearing the accelerometer, 5% had mixed feelings, and
merely 2% were negative. All in all, the results suggested that it is possible
to perform accelerometer measurements in children as young as 2 years of
age. In addition, it was shown that this age group already engaged in low
levels of physical activity. Therefore, further motion sensor-based studies
should focus on identifying important and modifiable determinants of their
physical activity patterns and examining physical activity-related shortand long-term health effects.
Part II: Activity-friendly environment for youth
In the second part of the thesis (chapters 6 and 7), the association between
characteristics of the Dutch built environment and children’s physical
activity level was examined. The way the built environment is designed,
land is used and streets are connected, and where sports facilities and
parks are located may either promote or inhibit physical activity among
youth. Creating an ‘activity-friendly’ environment is considered a promising
strategy to promote physical activity among youth, because of its potential
for having a sustained impact on populations rather than a short-term
impact on individuals. Moreover, improving the activity-friendliness of the
built environment may influence population groups that are hard to reach
with other strategies.
The findings of both chapter 6 and chapter 7 are based on the first
measurements of the Spatial Planning And Children’s Exercise (SPACE)
study, a survey on the physical activity level of children from ten
disadvantaged Dutch urban neighborhoods conducted by TNO Quality
of Life in 2004-2005. Five neighborhoods were selected from a list of 56
disadvantaged neighborhoods designated by the government for spatial
restructuring. The other five neighborhoods served as controls; they were
selected to investigate the effects of changes in the built environment on
children’s physical activity level in the near future.
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Chapter 6 describes the association between characteristics of the
built environment and the time 422 children aged 6 to 11 years spend in
moderate to vigorous physical activity, as assessed with a 7-day physical
activity diary. Characteristics of the built environment were collected by
neighborhood observation. Adjusted multivariate regression analyses
showed that the children who lived in neighborhoods with a high frequency
of parallel parking spaces and a high subjective rating of the activityfriendliness of the neighborhood on average spent more time in moderate
to vigorous physical activity than the children who lived in neighborhoods
with fewer parallel parking spaces and a lower subjective rating of the
activity-friendliness of the neighborhood. It is concluded that children’s
physical activity is associated with certain modifiable built environmental
characteristics. Longitudinal studies should examine whether there is a
causal relationship.
Chapter 7 focuses on the ‘walkability’ and ‘cyclability’ of neighborhoods
for 6- to 11-year-old children. The association between characteristics
of the built environment and children’s walking and cycling behavior was
examined among 448 children. Whereas in adjusted multivariate regression
analyses none of the investigated built environmental characteristics
were significantly associated with recreational walking, a considerable
proportion of both the variance in walking and cycling for transportation
and the variance in walking and cycling to school could be explained by
characteristics of the built environment. The characteristics that were
most consistently associated with walking and cycling for transportation as
well as with walking and cycling to school were the frequency of pedestrian
crossings and the frequency of parallel parking spaces in the neighborhood.
The children who lived in neighborhoods with a high frequency of pedestrian
crossings and a high frequency of parallel parking spaces, on average
walked and cycled for transportation and walked and cycled to school more
often than the children who lived in neighborhoods with fewer pedestrian
crossings and less parallel parking spaces. The results not only showed that
built environmental correlates of children’s walking and cycling behavior
differed by purpose (transportation, school, and recreation), but also by
commuting mode (walking and cycling) which implies a behavior specific
approach for intervention strategies.
Lastly, in chapter 8 the main findings of the thesis are put in a wider
perspective. Furthermore, strategies to promote an active lifestyle among
youth are proposed and recommendations for future studies are made.
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The general conclusions of the thesis are:
• The proportion of 6- to 11-year-old children meeting the healthrelated 60-minute physical activity guideline are highly dependent
on the guideline’s operationalization in terms of intensity threshold,
bout duration, and number of days of moderate to vigorous physical
activity, and on the assessment method used.
• Most pedometers and accelerometers are feasible, valid, and
reproducible devices to assess physical activity in healthy children
(2-11 years old) and adolescents (12-18 years old).
• It is feasible to assess physical activity in 2-year-old children with
accelerometers.
• The time 6- to 11-year-old children spend in moderate to vigorous
physical activity is associated with the frequency of parallel parking
spaces and the subjective rating of the activity-friendliness of the
neighborhood the children live in.
• The number of walking and cycling trips 6- to 11-year-old children
make are associated with certain modifiable characteristics of the
built environment the children live in, such as the frequency of
pedestrian crossings and the frequency of parallel parking spaces
in the neighborhood. However, these characteristics differ by the
purpose of walking and cycling and by the commuting mode.
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SAMENVATTING
Beweegvriendelijke wijken voor kinderen: het meten van
lichamelijke activiteit en omgevingsdeterminanten
Overgewicht bij kinderen neemt nog steeds toe mede omdat zij in het
algemeen weinig bewegen. Het stimuleren van een actieve leefstijl
heeft hoge prioriteit. Om effectieve strategieën te ontwikkelen die een
actieve leefstijl van kinderen en adolescenten stimuleren en een zittende
leefstijl tegengaan, is het van groot belang om meer inzicht te krijgen
in hun activiteitenpatroon. Lichamelijke activiteit is echter moeilijk te
meten, vooral bij de jeugd. Dit proefschrift geeft inzicht in het meten van
lichamelijke activiteit bij kinderen en adolescenten. Daarnaast wordt een
aantal kenmerken van de Nederlandse gebouwde omgeving geïdentificeerd
die een actieve leefstijl bij kinderen kunnen bevorderen of belemmeren.
Hoofdstuk 1 beschrijft de achtergrond en rationale van de onderzoeken
uit dit proefschrift. Twee conceptuele modellen worden besproken. Het
eerste model heeft betrekking op deel I van het proefschrift en beschrijft
het meten van lichamelijke activiteit in verschillende soorten onderzoek.
Het tweede model heeft betrekking op deel II van het proefschrift en laat
kenmerken van de gebouwde omgeving zien die mogelijk samenhangen
met de lichamelijke activiteit van kinderen. Het hoofdstuk sluit af met de
onderzoeksvragen die in het proefschrift worden beantwoord.
Deel I: Meten van lichamelijke activiteit bij de jeugd
In het eerste deel van het proefschrift (hoofdstuk 2-5) worden vier
onderzoeken over het meten van lichamelijke activiteit bij de jeugd
beschreven. Het nauwkeurig meten van lichamelijke activiteit is van
wezenlijk belang om trends in lichamelijke activiteit van kinderen en
adolescenten te onderzoeken, om beleidsdoelen te formuleren en om
meer inzicht te krijgen in de relatie tussen lichamelijke activiteit op jonge
leeftijd en gezondheid op latere leeftijd. Ook voor het identificeren van
determinanten van lichamelijke activiteit, het opsporen van kinderen en
adolescenten met verhoogd risico en het ontwikkelen en evalueren van
preventie- en interventiestrategieën is het belangrijk lichamelijke activiteit
nauwkeurig te meten.
Volgens de Nederlandse Norm Gezond Bewegen (NNGB) dienen kinderen
en adolescenten iedere dag minimaal 60 minuten tenminste matig intensief
lichamelijk actief te zijn. Hoofdstuk 2 laat zien dat het percentage 6tot 11-jarigen dat deze norm haalt (normactief is), sterk afhangt van het
operationaliseren van de norm voor wat betreft de intensiteitdrempel (3
of 5 metabole equivalenten (METs)), inspanningsduur (aaneengesloten
perioden van 1, 5 of 10 minuten) en het gemiddeld of totaal aantal dagen
van tenminste matig intensieve lichamelijke activiteit. Het percentage
‘normactieve’ kinderen hangt tevens sterk af van de gebruikte meetmethode.
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Onder 521 kinderen die zeven dagen lang een beweegdagboek hebben
bijgehouden, loopt het percentage kinderen dat de norm haalt afhankelijk
van de operationalisering van de norm van 3% tot 86%. Onder 51 kinderen
die tegelijkertijd een ActiGraph versnellingsmeter hebben gedragen,
varieert dit van 0% tot 100%. Zoals verwacht halen meer kinderen de norm
als een lagere intensiteitdrempel (3 METs) en een kortere inspanningsduur
(1 minuut) worden aangehouden dan als een hogere intensiteitdrempel (5
METs) en een langere inspanningsduur (aaneengesloten perioden van 5 of
10 minuten) worden aangehouden. Verder halen meer kinderen de norm
als zij gemiddeld 60 minuten per dag tenminste matig intensief lichamelijk
actief mogen zijn, dan als zij iedere dag minimaal 60 minuten tenminste
matig intensief lichamelijk actief moeten zijn. De conclusie is dat het
gebruik van verschillende operationaliseringen van de norm leidt tot een
grote spreiding in het deel van de jeugd dat voldoet aan de NNGB. Dit
maakt beleidsvorming lastig. Het is dan ook van groot belang consensus te
bereiken over de operationalisering van de norm.
Er wordt steeds vaker gebruik gemaakt van beweegmeters (zoals
stappentellers en versnellingsmeters) om lichamelijke activiteit bij
de jeugd te meten. Hoofdstuk 3 beschrijft de resultaten van een
systematische review van 35 onderzoeken naar de bruikbaarheid, validiteit
en betrouwbaarheid van beweegmeters die zijn gebruikt voor het meten
van lichamelijke activiteit bij gezonde kinderen (2-11 jaar) en adolescenten
(12-18 jaar). In deze review uit 2004 is de klinimetrische kwaliteit van twee
stappentellers (Digi-Walker en Pedoboy) en zeven één-, twee- en drieassige versnellingsmeters (LSI, Caltrac, ActiGraph, Actiwatch, TritracR3D, RT3 en Tracmor2) beoordeeld en met elkaar vergeleken met een
zelfontwikkelde checklist. Uit de resultaten blijkt dat de betrouwbaarheid
van de Caltrac versnellingsmeter bij adolescenten (12-18 jaar) goed is, dat
de betrouwbaarheid van de Digi-Walker stappenteller bij kinderen (8-11
jaar) gering is, dat de validiteit van de ActiGraph versnellingsmeter bij
zowel kinderen als adolescenten (8-18 jaar) goed is evenals de validiteit
van de Tritrac-R3D versnellingsmeter bij kinderen (8-11 jaar). De ActiGraph
is de meest onderzochte beweegmeter. Er is meer dan voldoende bewijs
voor een goede bruikbaarheid, validiteit en betrouwbaarheid van de
ActiGraph bij kinderen (3-11 jaar) en adolescenten (12-18 jaar). Geen van
de 35 onderzoeken verschaft echter informatie over de betrouwbaarheid
van beweegmeters bij peuters en kleuters (2-4 jaar). Ook over de
betrouwbaarheid van drie-assige versnellingsmeters bij de jeugd is nog
niets bekend. Er wordt dan ook aanbevolen onderzoek naar de klinimetrische
kwaliteit van beweegmeters te continueren, echter niet zonder de kwaliteit
van de gerapporteerde onderzoeksgegevens te verbeteren.
In hoofdstuk 4 is de review uit 2004 geüpdate omdat het aantal
klinimetrische onderzoeken naar beweegmeters aanzienlijk is toegenomen.
Tegelijkertijd is de technologie van de bestaande beweegmeters sterk
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verbeterd en zijn er nieuwe beweegmeters ontwikkeld. In de update uit
2007 zijn 32 onderzoeken geïncludeerd waarin de klinimetrische kwaliteit
van drie stappentellers (Digi-Walker, Walk4Life en Sun TrekLINQ)
en negen één-, twee- en drie-assige versnellingsmeters (ActiGraph,
BioTrainer, StepWatch Activity Monitor, Actiwatch, Actical, Tritrac-R3D,
RT3, ActivTracer en Mini-Motionlogger) is beoordeeld en vergeleken. In
vergelijking met de review uit 2004 is er meer bewijs voor de klinimetrische
kwaliteit van stappentellers en versnellingsmeters bij de jeugd. De meeste
beweegmeters lijken bruikbare, valide en betrouwbare instrumenten om
de lichamelijke activiteit bij gezonde kinderen en adolescenten te meten.
Weinig onderzoeken waarin gebruik is gemaakt van beweegmeters richtten
zich op peuters. In hoofdstuk 5 is de bruikbaarheid van beweegmeters
onderzocht voor het meten van de lichamelijke activiteit bij 2-jarige
kinderen. Aan 500 2-jarigen die deelnamen aan Generation R, een
geboortecohort onderzoek van Erasmus Medisch Centrum in Rotterdam,
is gevraagd overdag op een weekdag en op een zaterdag of zondag een
ActiGraph versnellingsmeter te dragen. Hun ouders verstrekten informatie
over de ervaring van hun kind met het dragen van de versnellingsmeter
en over tijdstippen waarop de meter niet is gedragen. Uiteindelijk zijn
de gegevens van 347 kinderen met bruikbare versnellingsmeterdata
geanalyseerd. De meeste van hen waren positief over het dragen van
de versnellingsmeter, 5% had gemengde gevoelens en 2% was negatief.
Metingen met versnellingsmeters lijken aldus mogelijk bij kinderen van
slechts twee jaar oud. Daarnaast is gevonden dat deze leeftijdsgroep al
relatief lage niveaus van lichamelijke activiteit vertoont. Toekomstig
onderzoek met beweegmeters moet zich richten op het identificeren van
belangrijke beïnvloedbare determinanten van lichamelijke activiteit en op
gezondheidseffecten op korte en lange termijn.
Deel II: Beweegvriendelijke omgeving voor de jeugd
In het tweede deel van het proefschrift (hoofdstuk 6 en 7) staat het
verband tussen kenmerken van de gebouwde omgeving in Nederland en
de lichamelijke activiteit van kinderen centraal. Lichamelijke activiteit
kan worden bevorderd of belemmerd door de manier waarop de
gebouwde omgeving is vormgegeven, de indeling van de ruimte en door
de ligging van sportfaciliteiten, speelplekken en parken ten opzichte van
woningen. Het creëren van een ‘beweegvriendelijke’ omgeving is een
veelbelovende strategie om lichamelijke activiteit te bevorderen, vanwege
de veronderstelde blijvende invloed op de bevolking in plaats van een
kortdurende invloed op individuen. Bovendien kan het verbeteren van
de beweegvriendelijkheid van de gebouwde omgeving invloed hebben op
bevolkingsgroepen die met andere strategieën moeilijk te bereiken zijn,
zoals mensen met een lage sociaaleconomische status of mensen die de
Nederlandse taal niet beheersen.
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Zowel hoofdstuk 6 als hoofdstuk 7 is gebaseerd op de eerste metingen
van de ‘Spatial Planning And Children’s Exercise’ (SPACE) studie, een
onderzoek dat TNO Kwaliteit van Leven in 2004-2005 heeft uitgevoerd
naar de lichamelijke activiteit van kinderen uit tien achterstandswijken in
Nederland. Voor het onderzoek zijn vijf wijken geselecteerd uit een lijst
van 56 wijken die van het Ministerie van Volkshuisvesting Ruimtelijke
Ordening en Milieu prioriteit hebben gekregen om in de komende jaren
een wijkvernieuwing te ondergaan. De vijf andere wijken dienden als
controle; zij zijn geselecteerd om de effecten van wijkaanpassingen op de
lichamelijke activiteit van kinderen in de toekomst te onderzoeken.
Hoofdstuk 6 beschrijft het verband tussen kenmerken van de gebouwde
omgeving en de hoeveelheid tijd die 422 kinderen (6-11 jaar) besteden
aan tenminste matig intensieve lichamelijke activiteit gemeten met
een beweegdagboek. Kenmerken van de gebouwde omgeving zijn in
kaart gebracht door twee observatoren die een checklist invulden. Uit
gecorrigeerde multivariate regressieanalyses kwam naar voren dat de
kinderen die in wijken wonen met veel evenwijdig aan het trottoir gelegen
parkeerplaatsen en een hoge subjectieve beoordeling van de observatoren
van de beweegvriendelijkheid van de wijk gemiddeld meer tijd besteden aan
tenminste matig intensieve lichamelijke activiteit dan kinderen uit wijken
met minder evenwijdige parkeerplaatsen en een slechtere subjectieve
beoordeling van de beweegvriendelijkheid van de wijk. De conclusie is
dat er een verband bestaat tussen de lichamelijke activiteit van kinderen
en bepaalde beïnvloedbare kenmerken van de gebouwde omgeving. Uit
longitudinaal onderzoek zal moeten blijken of er ook een causaal verband
bestaat tussen deze kenmerken en de lichamelijke activiteit van kinderen.
In hoofdstuk 7 wordt de geschiktheid van wijken om te lopen en fietsen
beschreven voor 6- tot 11-jarige kinderen. Bij 448 kinderen is het
verband tussen kenmerken van de gebouwde omgeving en hun loop- en
fietsgedrag onderzocht. Met gecorrigeerde multivariate regressieanalyses
is voor geen van de onderzochte wijkkenmerken een significant verband
gevonden met lopen voor recreatieve doeleinden. Een aanzienlijk deel van
de variantie in lopen en fietsen voor vervoersdoeleinden én de variantie
in lopen en fietsen naar school kan worden verklaard door kenmerken
van de gebouwde omgeving. De kenmerken die het meest consistent
in verband staan met lopen en fietsen voor vervoersdoeleinden en met
lopen en fietsen naar school zijn de hoeveelheid oversteekplaatsen en
evenwijdige parkeerplaatsen in de wijk. De kinderen die in wijken wonen
met veel oversteekplaatsen en veel evenwijdige parkeerplaatsen lopen
en fietsen gemiddeld meer voor vervoersdoeleinden en naar school, dan
kinderen uit wijken met minder oversteekplaatsen en minder evenwijdige
parkeerplaatsen. De resultaten toonden aan dat de wijkkenmerken die met
het loop- en fietsgedrag van kinderen samenhangen niet alleen verschillen
naar gelang het doel (vervoer, school en recreatie), maar ook naar gelang de
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verplaatsingswijze (lopen en fietsen). Dit impliceert een gedragsspecifieke
benadering voor toekomstige interventiestrategieën.
Tot slot zijn in hoofdstuk 8 de voornaamste bevindingen uit het proefschrift
in breder perspectief geplaatst. Daarnaast is een aantal strategieën voor
het bevorderen van een actieve leefstijl bij de jeugd voorgesteld en zijn
aanbevelingen gedaan voor toekomstig onderzoek.
De algemene conclusies van het proefschrift luiden:
•
Het percentage 6- tot 11-jarige kinderen dat voldoet aan de Nederlandse
Norm Gezond Bewegen hangt sterk af van het operationaliseren van
de norm voor wat betreft de intensiteitdrempel, inspanningsduur
en aantal dagen tenminste matig intensieve lichamelijke activiteit
alsmede van de gebruikte meetmethode.
•
De meeste stappentellers en versnellingsmeters zijn bruikbare,
valide en betrouwbare instrumenten om de lichamelijke activiteit bij
gezonde kinderen (2-11 jaar) en adolescenten (12-18 jaar) te meten.
•
Het is mogelijk de lichamelijke activiteit bij 2-jarige kinderen te meten
met versnellingsmeters.
•
Er is een verband tussen de tijd die 6- tot 11-jarige kinderen aan
tenminste matig intensieve lichamelijke activiteit besteden en
de hoeveelheid evenwijdige parkeerplaatsen en de subjectieve
beoordeling van de beweegvriendelijkheid van de wijk waarin de
kinderen wonen.
•
Het aantal keer dat 6- tot 11-jarige kinderen zich lopend en fietsend
verplaatsen hangt samen met bepaalde kenmerken van de gebouwde
omgeving, zoals de hoeveelheid oversteekplaatsen en evenwijdige
parkeerplaatsen in de wijk. De kenmerken verschillen echter
naar gelang het doel van het lopen en fietsen en naar gelang de
verplaatsingswijze.
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DANKWOORD
Wist je dat het dankwoord het meest gelezen onderdeel is van een
proefschrift en dat het daardoor voor mij het moeilijkste onderdeel was
van mijn hele proefschrift? Wetenschappelijke artikelen heb ik inmiddels
wel leren schrijven, maar een persoonlijk dankwoord? Dat is een heel
ander verhaal. De ene na de andere vraag schoot door mijn hoofd. Wie zal
dit allemaal lezen? Wie moet ik niet vergeten te bedanken? Hoe schrijf ik
het leuk en origineel op? Maar goed, de laatste hobbel is genomen. Hier is
het dan, mijn dankwoord.
De afgelopen zes jaar heb ik met veel plezier aan mijn proefschrift gewerkt.
Het was niet altijd makkelijk te combineren met de vele andere leuke
projecten thuis en op het werk. Soms lag mijn proefschrift maanden lang
in de kast. Maar dankzij de hulp en steun van velen en een flink portie
doorzettingsvermogen, creativiteit en flexibiliteit is het mij gelukt. Mijn
proefschrift is af! In dit dankwoord wil ik een aantal mensen in het bijzonder
bedanken.
Lieve Stéphane, als er iemand is die weet wat doorzetten is dan ben jij
het wel. Jij bent naar Nederland verhuisd, hebt de taal geleerd en hebt je
omgeschoold van psycholoog tot docent. Ik ben ontzettend trots op je!
Dank voor al je steun, geduld en voor alle momenten waarop jij de boel
thuis draaiende hield wanneer ik weer eens later thuis kwam.
Timo, mijn lieve mannetje. Er is zoveel meer in het leven dan werk. Dat laat
jij mij elke dag weer zien. Samen bewegen is het leukste wat er is; samen
fietsen, zwemmen, voetballen en trampoline springen. Ik geniet met volle
teugen van je!
Lieve papa en mama, zonder zo'n goede basis was ik nooit zover gekomen.
Dank voor de fijne jeugd vol gezelligheid, sport, muziek en spelletjes en
voor jullie onvoorwaardelijke liefde en steun. Jullie hebben mij laten zien dat
je zelf een grote rol kunt spelen in het creëren van een ‘beweegvriendelijke’
omgeving voor kinderen. In jullie oude wijk hebben jullie voorkomen dat
een groot voetbalveld werd volgebouwd met huizen en in jullie nieuwe wijk
hebben jullie een veilige speelplek in het plantsoen gecreëerd door een
weg af te laten sluiten. Timo zal jullie dankbaar zijn.
Frank, Ewout, Miranda en Tessa, dank voor jullie interesse in mijn werk en
voor alle gezellige momenten samen. Martine, Jean-Pierre et Fabrice, je
vous remercie de votre soutien.
Lieve opa en oma, wat fijn om deze mijlpaal samen met jullie te kunnen
vieren. Ik vind het heel bijzonder dat jullie nog zo actief en vitaal zijn.
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Lieve meiden van Bewegingswetenschappen, zullen we weer snel wat
afspreken? Ik ben wel toe aan een dagje uit. Tijmen, het was gezelig hè,
het hinkelen met Timo! Leuk dat jullie samen op de voorkant van mijn
proefschrift staan.
Beste TNO-collega’s en Body@Workers. Ik werk alweer zeven jaar met veel
plezier bij TNO en dat komt mede dankzij jullie. Het is fijn met jullie samen te
werken, van gedachten te wisselen, te lunch wandelen of koffie te drinken.
Dank voor jullie voortdurende belangstelling voor mijn proefschrift. Nico,
ik had er nooit over durven dromen, maar jij kreeg het als nieuwkomer bij
TNO voor elkaar en regelde voor mij een heus ‘proefschriftverlof’ van vier
maanden. Hierdoor heb ik een flinke eindsprint kunnen trekken. Dank ook
aan allen die dat mede mogelijk hebben gemaakt. Tinus, jouw enthousiasme
werkt aanstekelijk. Marieke, dank voor het meedenken tijdens de laatste
loodjes van mijn proefschrift. Gert-Jan, ik zal de zaterdagen in het
onverwarmde TNO-gebouw niet snel vergeten. Als echte gentleman liet
je het elektrische kacheltje vaak langer bij mij staan dan bij jou. Hans,
Lidy-Marie, Mieneke, Madeleine, Lia, Tineke, Steffin en Inge, dank voor
alle ondersteuning gedurende het hele promotietraject. Sander, jij maakte
mij wegwijs in de wondere wereld van de ActiGraph versnellingsmeter.
Dank voor de vele tips en tricks. Kees en Roel, zonder jullie creatieve ICT
oplossingen was het mij nooit gelukt de versnellingsmeters te gebruiken.
Thijs (I.M.) en Hans, jullie stonden altijd klaar om de versnellingsmeters
te repareren of van nieuwe batterijen te voorzien. Gelukkig is er inmiddels
een nieuwe versie met oplaadbare batterijen. Joanne, Tijmen, Lennard,
Steffin, Naomi en Helmi. Vele handen maken licht werk. Dank voor
jullie bijdrage aan het verzamelen en verwerken van de data voor mijn
proefschrift. Maarten en Yvonne, jullie leerde mij kritische journalisten te
woord te staan. Jaap, mijn dank aan jou is groot. Je hebt er een fantastisch
mooi boekje van gemaakt!
Mijn paranimfen: Marieke en Janine. Lieve Marieke, ik vind het heel fijn
dat jij bij deze grote dag naast mij staat. We zijn als sinds onze kleutertijd
vriendinnen. Toen speelden we veel buiten samen. Inmiddels hebben we
beiden de poppenwagen ingeruild voor de kinderwagen en zijn het onze
kinderen Timo en Job die samen buitenspelen. Wie weet worden zij ook
zulke dikke vrienden? Dank voor jouw luisterend oor tijdens de wekelijkse
sportuurtjes en de vele andere gezellige momenten. Janine, met jou aan
mijn andere zijde bij de verdediging van mijn proefschrift moet het zeker
lukken. Als er iemand een peptalk kan houden dan bij jij het wel. Jij kwam
pas aan het eind van mijn promotietraject in beeld, maar ik ben je zeer
dankbaar voor het doorlezen van vele delen van mijn proefschrift. Ik heb
grote waardering voor jouw nuchtere kijk op zaken en jouw kennis, visie en
onderzoeksvaardigheden. Wie weet wat voor mooie projecten we samen
nog eens kunnen opzetten op het gebied van sportblessures bij kinderen.
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Mijn promotoren en copromotoren: Prof. dr. Willem van Mechelen, Prof.
dr. Remy Hirasing, Prof. dr. Marijke Hopman-Rock en Dr. ir. Ingrid Bakker.
Willem, ik was één van jouw vele promovendi, maar ik ben dankbaar dat
ik tot deze groep mocht behoren. Ongelofelijk hoeveel jij weet en hoeveel
dingen jij tegelijk kunt doen. Ik geloof dat wij geen communicatiemiddel
hebben geschuwd; van sms’jes tot faxen vanaf vliegvelden of hotels. Of
je nu aan de andere kant van de wereld zat of gewoon in Amsterdam, je
reageerde altijd snel op mijn conceptartikelen. Remy, jij introduceerde bij
mij het concept wandelvergaderingen. Al lopend door de Leidse Hout, of
als het regende door de gangen van het LUMC, bespraken we de stand
van zaken van mijn proefschrift. Jij verloor het nut van wetenschappelijk
onderzoek voor de praktijk nooit uit het oog. Marijke, jij hebt mij vanaf het
begin af aan in mijn ontwikkeling gesteund. Dank voor jouw vertrouwen
in mij en voor de vele kansen die je mij hebt gegeven. Ik heb veel van je
geleerd. Ingrid, wij hebben het onderwerp jeugd en bewegen echt op de
kaart gezet binnen TNO. Mijn proefschrift was één van de vele projecten
waarin wij samen hebben gewerkt. Jij leerde mij om meer op mijn eigen
wijsheid te vertrouwen.
Ik wil de leden van de leescommissie, Prof. dr. ir. Hans Brug, Prof. dr.
Simone Buitendijk, Prof. dr. Lars Bo Andersen, Prof. dr. ir. Jantine Schuit,
Dr. Joop ten Dam en Prof. dr. ir. Pieter van Wesemael hartelijk bedanken
voor het deskundige oordeel over mijn manuscript en voor de suggesties
die zijn aangedragen ter verbetering. Prof. dr. Lars Bo Andersen, thank
you for reading and judging my thesis. Too bad you could not make it to
Amsterdam. Ik dank Dr. ir. Wanda Wendel-Vos, Dr. Mai Chin A Paw en Dr.
Monique l’Hoir alsmede Prof. dr. ir. Hans Brug, Dr. Joop ten Dam en Prof.
dr. ir. Pieter van Wesemael voor de toezegging zitting te nemen in de
promotiecommissie.
De onderzoeken die in dit proefschrift zijn beschreven waren niet mogelijk
geweest zonder de subsidies van het Ministerie van Volksgezondheid
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